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Very High Temperature Reactors (VHTRs) are one of six Generation IV 
reactors that have been proposed for DOE’s Next Generation Nuclear Plant. In 
addition to using gaseous coolants, VHTRs also display benefits of passive safety 
systems including intra-core natural circulation for heat removal in accident 
scenarios. However, a number of substantial engineering challenges are expected in 
VHTRs, and due to the high temperatures of the coolant involved, material behavior 
in various components needs to be better understood. Our work focuses mainly on 
two key phenomena that could lead to localized hot spots in the VHTR reactor core if 
not addressed properly. 
The first phenomenon is the issue of air ingress scenario under Depressurized 
Conduction Cooldown involving natural circulation of the gaseous coolant wherein a 
crack or breakage might occur in the reactor system due to an externally or 
environmentally initiated event leading to depressurization. Natural circulation 
experiments have been performed using pure He, pure N2, and binary gas mixtures 
(He-N2) representing a helium-air mixture. Helium analyzers were used to measure 
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the nitrogen and helium concentrations in the lower plenum and upper plenum. The 
changes in the nitrogen concentration in the upper plenum were used to calculate the 
time required for the transport of nitrogen from the lower plenum to upper plenum 
through a riser flow channel made of graphite. The experimental findings indicate 
that the driving mechanisms for air transport through the reactor core of VHTR would 
result from both molecular diffusion and natural circulation. At low graphite 
temperatures in the riser, molecular diffusion is the dominating mechanism; 
however, as the riser temperature increases, natural circulation becomes dominant 
and the rate of nitrogen transport increases. In order to measure the natural 
circulation flow rate, a mass flow measurement system was designed and constructed 
as well. The natural circulation flow and heat transfer data along with the density and 
viscosity effects are analyzed to identify possible changes in heat transfer rates from 
the graphite to the coolant in the riser. 
The second phenomenon studied is the issue of heat-driven flow 
relaminarization (forced convection), in which a strongly heated turbulent gas flow, 
exhibits heat transfer characteristics of laminar flows in the downstream part. As the 
gas is heated, a reduction in the gas density causes the bulk flow to accelerate upward, 
but the viscosity also increases leading to reduced Reynolds numbers. Numerical 
simulations of turbulent forced convection are performed in a two-step process to 
fundamentally understand the nature of the experiments using a massively parallel, 
spectral element code called Nek5000. The first step incorporated a replication 
method along with recycled periodicity to successfully sustain turbulence throughout 
a very long pipe (L/D ratio = 234). Once turbulence is found to be sustained, the next 
vi 
 
and final step involved application of experimental conditions to this strongly heated 
pipe setup. Finally, the effect of heat driven flow relaminarization on heat transfer 
characteristics and turbulence parameters is studied. These experiments and 
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The current generation of nuclear reactors in the United States has more than 
100 light water reactors (LWRs). The reliability of these reactors depends strongly 
on active safety systems and proper functioning of emergency core cooling systems. 
With the growing consumption of electric power every day, it is important that we 
invest in new nuclear energy technology that is more efficient, safe and generates less 
waste. The latest generation of reactors, the Gen III+ reactors such as Westinghouse’s 
AP1000, are designed with the implementation of passive safety systems that result 
in a safe shutdown and core cooling during accident scenarios without the use of 
safety systems that need to be actuated [1]. The last decade saw the advent of the 
Generation IV reactors which include six new reactor designs: gas-cooled fast reactor, 
lead-cooled fast reactor, molten salt reactor, supercritical-water-cooled reactor and 
very-high-temperature reactor (VHTR) [2].  
The US Department of Energy took particular interest in VHTR designs 
representing a thermal reactor which is graphite-moderated, helium-cooled and 
sustains a core outlet temperature of 1000 oC [3]. The traditional water-cooled 
reactors are limited by the thermal properties of water, which approximately boils at 
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100 oC at 1 atm and over 300 oC if it is pressurized. Helium compared to water has a 
much higher range of operating temperatures so the gas reactor system can be safely 
heated to operate at temperatures of even 1000 oC. This has the advantage of making 
the reactor thermodynamically more efficient with improved safety characteristics. 
Due to the high operational temperatures, these reactors could have applications in a 
variety of sectors like seawater desalination, petroleum refining, co-generation of 
electricity and steam, steam reforming of natural gas, and hydrogen production as 
illustrated in Fig. 1.1 [1]. 
 
Figure 1.1: Schematic of a VHTR along with its applications. 
 
However, a number of substantial engineering challenges are expected in the 
development and commercialization of VHTRs. Significant variations of coolant 
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properties such as viscosity and thermal conductivity are expected for helium as a 
result of strong heating in the reactor core, typically by 500 oC. In addition, there is a 
reduction of density with temperature causing acceleration of the flow in the fuel 
zone of the core due to significant buoyancy forces resulting in possible flow 
laminarization. All of these can lead to localized hot spots in the reactor core as a 
result of degraded heat transfer in coolant channels. As shown in several Phenomena 
Identification and Ranking Tables (PIRT) for VHTRs [4, 5], air ingress and heat driven 
flow relaminarization are phenomena that could occur under accident conditions due 
to the above-mentioned effects and need to be studied in depth. Hence, there has been 
considerable interest towards the study of coolant transport and heat transfer at 
elevated temperatures and pressures in a VHTR. The current thesis addresses the two 
phenomena, natural circulation accompanied by air ingress and heat driven flow 
relaminarization in order to better understand these phenomena for improved safety 
of very high temperature reactors.  
 
1.1 Thesis Outline 
This work is partitioned into two parts: I. Experimental study of the effect of 
air ingress on the natural circulation, and II. Numerical simulation of heat-driven 
flow relaminarization in forced convection. This thesis contains some archival 
manuscripts published or submitted for publication presented in separate chapters. 
Each manuscript has its own introduction, results and discussion, conclusions and 
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references. Thus, there would be some redundancy in the contents of the 
manuscripts; especially when making references to the experimental facility. 
Chapter 2 describes the natural circulation experiments that have been 
conducted in a helium flow loop consisting of a riser, downcomer, upper plenum and 
lower plenum after the injection of nitrogen into the lower plenum in order to 
investigate the air-ingress phenomena. A pair of helium analyzers were used to 
measure the nitrogen and helium concentrations in the lower plenum and upper 
plenum. The changes in the nitrogen concentration in the upper plenum were used to 
calculate the time required for the transport of nitrogen from the lower plenum to 
upper plenum through a riser flow channel made of graphite. The effect of system 
temperature and pressure on the rate of nitrogen transport has been studied 
extensively. From these data, the upward transport of nitrogen injected into the lower 
plenum under natural circulation conditions could be quantitatively investigated. The 
experimental findings indicate that the driving mechanisms for air transport through 
the reactor core of VHTR would result from both molecular diffusion and natural 
circulation. At low graphite temperatures in the riser, molecular diffusion is the 
dominant mechanism; however, as the riser temperature increases, natural 
circulation becomes dominant and the rate of nitrogen transport increases. Further, 
the time constants for these mechanisms have been calculated using a simplified 
species transport equation. 
In Chapter 3, the experiments on natural circulation accompanied by air ingress 
are extended towards getting a more quantitative understanding of the steady state 
mass flow rates measured in the gas flow loop. Pure He, pure N2 and binary gas 
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mixtures (He-N2) were used in the experiments and the natural circulation flow rates 
were measured. The mass flow rate data were obtained at different riser 
temperatures, initial system pressures, and overall concentrations of nitrogen in 
helium. The steady state mass flow rate data showed interesting behaviors due to the 
effect of two opposing gas properties: viscosity and density. The mass flow rate was 
found to increase with the riser temperature due to the decreasing gas density, but 
then decrease at higher riser temperatures due to the increasing viscosity which 
became more dominant. The effect of nitrogen concentration on the mass flow rate 
was also studied and an increase in the nitrogen concentration in the gaseous mixture 
was found to increase the mass flow rate and local Reynolds numbers in the riser. 
These results can improve our understanding of natural circulation of gas mixtures, 
in particular in cooling of VHTRs under accident situations.   
 After developing a quantitative understanding, we move forward our natural 
circulation air ingress experiments to study heat transfer in Chapter 4. This work 
focuses on the measurement and analyses of heat transfer rates of helium-nitrogen 
mixtures in a high temperature gas flow loop under steady natural circulation 
conditions. In addition to studying the effects of experimental conditions on various 
heat transfer parameters, this work also looks at dimensionless numbers such as 
Nusselt and Grashof numbers.  
The Chapters in Part II present a numerical study of the heat-driven flow 
relaminarization phenomena from a simulation point of view. Chapter 5 gives a brief 
introduction to flow relaminarization and the previous experimental work done at 
CCNY that will be used as a basis for the simulation work. 
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Chapter 6 discusses the simulation problem and the main objectives of the 
simulation study. This is followed by a brief discussion of the code, Nek5000, used to 
perform the simulations. Nek5000 is an open source, high-order, massively parallel, 
spectral element CFD code that brings together the essential characteristics of speed 
and accuracy needed for solving the Navier-Stokes equations.  
Chapter 7 discusses the constant property simulations where the main 
objective is to sustain turbulence in a very long pipe with an aspect ratio (L/D) of ~ 
170. This value of aspect ratio comes from the experimental setup where the length 
of the graphite channel is 2.7 m and the diameter is 0.016 m so that the aspect ratio 
(L./D) is ~170. A replication method along with recycled periodicity is incorporated 
to successfully sustain turbulence in the flow throughout the pipe. The maximum 
Reynolds number incorporated for these simulations is 5,190 which is chosen 
keeping in mind the flow relaminarization (forced convection) experiments. 
Finally, we move on to the variable property simulations in Chapter 8 where 
the experimental conditions are incorporated into the simulation setup from Chapter 
7. Heat-driven flow laminarization could be predicted to occur. The effects of strong 
heating on various fluid properties and turbulence quantities are also studied to 
determine how turbulence is affected and convection heat transfer is degraded 
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2 Experimental Investigation of Natural 
Circulation during Air Ingress Scenario in a 
Very High-Temperature Reactor (VHTR)* 
   
2.1 Introduction 
The Fukushima Daiichi Nuclear accident was one of the most severe accidents 
that instigated the need for understanding the response of nuclear facilities to 
externally or environmentally initiated events like earthquakes, tsunamis etc. [1-3]. 
The US Department of Energy has proposed VHTRs as one of the Next Generation 
Nuclear Plants (Generation IV). Several characteristics of VHTRs like higher efficiency 
and passive safety systems have favored their development.  
__________________________________________ 
*This work has been published in similar form as: Experimental Investigation of Natural Circulation 





Even though VHTRs provide the benefits of passive cooling in case of loss of forced 
circulation or pressure [4], it is still unknown how they will behave under all 
conceivable accident scenarios. Several Phenomena Identification and Ranking 
Tables (PIRT) for VHTRs show that phenomena like flow laminarization, natural 
circulation, air-ingress, water-steam ingress, etc., could lead to localized hot spots in 
the reactor core under various accident scenarios [5-9]. Some of these phenomena 
have been understood in-depth in recent years, however, one accident scenario that 
needs to be investigated in greater detail is air-ingress. The potential for air-ingress 
into the VHTR vessel exists during Depressurized Conduction Cooldown (DCC) 
following a loss-of-coolant accidents (LOCAs) [10]. Since the VHTR vessel is located 
in a reactor cavity filled with ambient air, air could enter the reactor vessel following 
a double-ended guillotine break of a hot duct, rapid discharge of the coolant (helium) 
and depressurization of the primary loop [11]. Eventually, the behavior of the flow at 
the break changes from momentum-driven to density-gradient driven flow with air 
or helium-air mixture flowing into the lower plenum of the reactor vessel as 




(a)           (b) 
Figure 2.1: Air-Ingress Scenario (a) depressurization due to loss of helium, 
and (b) air entering the vessel after depressurization. 
             
There have been conflicting reports in the literature on what the dominant 
mechanism is for air transport through the reactor core. While some researchers have 
suggested that air transport during air ingress is only driven by molecular diffusion 
[12-16], it was later understood that molecular diffusion is followed by natural 
circulation which is marked by the Onset of Natural Circulation (ONC) [17-19]. There 
are also conflicting reports in the literature with regards to the ONC time. Numerical 
simulations performed by Oh et al. [11, 20, 21] using a FLUENT CFD code suggested 
that ONC would occur within 100 seconds after the depressurization phase. However, 
the simulations performed by using a Gamma code [22, 23] suggested that the ONC 
would occur over several hours rather than several tens or hundreds of seconds after 
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the depressurization event. Thus, our work is aimed at experimentally determining 
the ONC times for different reactor core temperatures and understanding the air 
transport phenomena in the reactor core following air ingress into the lower plenum. 
Also, while numerical investigations have been performed by several authors to study 
air-ingress [20-27], a limited amount of experimental data has been reported in the 
literature [28-33]. Recently, ONC experiments were conducted by Gould et al. [33] 
using an “h” shaped tube initially filled with helium and open to the atmosphere at 
both bottom ends. They showed the ONC times to be much greater than several 
hundred seconds in contrast to the numerical simulations of Oh et al. [11, 20, 21]. Our 
experiments would add both to the experimental database for the ONC and air 
transport under the DCC conditions. 
To this end, the present work reports on the experimental measurements of 
the nitrogen (representing air) transport during the natural circulation of a helium-
nitrogen mixture in a graphite flow channel simulating a VHTR prismatic core. The 
principal objective of this experimental study was to determine the transition from 
diffusion transport to natural circulation transport of nitrogen from the lower plenum 
to the upper plenum through a graphite flow channel in a natural circulation flow 
loop. Natural circulation experiments have been conducted in the helium flow loop 
after the injection of nitrogen into the lower plenum. A pair of helium analyzers were 
used to measure the nitrogen and helium concentrations in the lower plenum and 
upper plenum. The changes in the nitrogen concentration in the upper plenum were 
used to calculate the time required for the transport of nitrogen from the lower 
plenum to upper plenum through a riser flow channel. The effect of riser temperature 
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and pressure on the rate of nitrogen transport has been studied extensively. 
Furthermore, a close examination of the graphite flow channel wall temperatures at 
different elevations showed small but sudden drops indicating the arrival of nitrogen 
at each elevation. From these data, the upward transport of nitrogen injected into the 
lower plenum under natural circulation conditions has been quantitatively 
investigated. 
 
2.2 Experimental Set-up and Methodology 
2.2.1 Test Facility 
An existing high-pressure and high temperature gas flow test facility at City 
College of New York has been used in this work [26-28]. The schematic of the 
experimental set-up can be seen in Fig. 2.2a. The facility consists of a stainless steel 
304 pressure vessel which simulates the hot fuel zone (riser or hot vessel (HV)), and 
a downcomer (cold vessel). The pressure vessel is rated at 70 bar/923 K and has ANSI 
Class 900 flanges welded at the top and bottom.  
The hot vessel houses a 2.7 m long graphite column with a 108mm outer 
diameter. The current test section design incorporated in the experiments is based 
on the Modular High Temperature Gas-cooled Reactor (MHTGR) chosen as the 
reference design in DOE’s Next Generation Nuclear Plant program. The MHTGR uses 
graphite as a moderator in the form of prismatic blocks in the reactor core. The 
present graphite column has four 2.3 kW heaters symmetrically placed around a 
central coolant channel of 16.8 mm diameter as shown in the cross-sectional view of 
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the graphite column in Fig. 2.2b. The hot vessel also has an inner thick fiberglass 
thermal insulation layer that protects its walls from the high graphite temperatures.  
A stainless-steel cylindrical chamber with a 7.0 cm diameter and 17.0 cm 
height was fabricated to simulate the lower plenum. A stainless-steel tube of 14.5 mm 
inner diameter is used to connect the top of the riser and the lower plenum as a 
downcomer and simulates the cooler reflector zone in the VHTR core. The 
temperatures in the graphite are measured using 40 thermocouples imbedded at ten 
axial locations 25 cm apart. Each plane has four thermocouples at different radial and 
azimuthal locations [29-32]. The flow channels in the riser and the downcomer were 
connected by stainless steel tubes at the bottom and top. A three-way valve connected 
a vacuum pump and nitrogen gas cylinder to the bottom of the downcomer.  The 
vacuum pump was used to completely flush out the gases from the system before 
filling the system with helium. A pressure transducer (Omega, PX313) was installed 
on the inlet piping connected to the pressure vessel for continuous monitoring of the 
system pressure. The thermocouples and pressure transducer were connected to a 
National Instruments data acquisition system for continuous monitoring and data 
acquisition via a LabVIEW program. 
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Figure 2.2: (a) Natural Circulation Experimental Set-up, and (b) Cross-
sectional view of the graphite column in HV. 
 
2.2.2 Experimental Procedure  
Prior to the actual experiments, the test facility was vacuumed twice to near 
vacuum and filled with helium to an initial pressure of 103.4 kPa. Then, nitrogen was 
slowly injected into the lower plenum of the riser until the system pressure rose to 
(a) (b) 
LEGEND 
1. Helium Injection, 2. Pressure gauge, 3. 
Pressure relief valve, 4. Hot Vessel (riser) 
containing a graphite column, 5. Helium 
injection line, 6. Upper plenum sampling 
port, 7. Cold Vessel (Downcomer), 8. 
Nitrogen Injection, 9. vacuum pump line, 
10. Needle valve, 11. Lower plenum 
sampling port, 12. Vessel flange, T1-T10: 
Thermocouples connected to the riser, 




required values. The gas mixture was allowed to settle for at least 10 minutes so 
heavier nitrogen would occupy the lowest part of the flow loop including the lower 
plenum. It should be noted that a certain amount of nitrogen occupied some parts of 
the riser volume in addition to the lower plenum consisting of a cylindrical section 
and the lower horizontal tube connecting the riser and downcomer (Fig. 2.2a) before 
each experiment was started. Since the lower plenum was not isolated from the riser 
and it took 1-2 hours before the graphite temperatures in the riser rose and reached 
steady state, some nitrogen gas slowly diffused up into the upper plenum. So, placing 
another valve between the lower plenum and riser inlet would have prevented this 
initial diffusion of nitrogen into the upper plenum, but there was limited space 
available for any valve installation. Even though the experimental procedure was not 
exactly representative of the postulated air ingress accident in VHTRs, steps were 
taken to account for the presence of nitrogen in the riser prior to the initiation of the 
experiment by normalizing the data with respect to the concentration at the initiation 
time in most of the figures unless otherwise specified. At atmospheric pressure, the 
density of nitrogen is ~6.9 times higher than that of helium over the temperature 
range of 300 - 1000 K. The valve (10) connecting the riser and downcomer at the 
bottom was then closed completely isolating the riser from the downcomer by not 
allowing any coolant circulation. The electric heater rods in the riser were turned on 
and the mean temperature of the riser was increased to a desired value. After the 
steady temperature profiles were reached in the heated riser test section, the valve 
(10) was opened to initiate natural circulation flow of a helium-nitrogen mixture 
through the riser and downcomer. Immediately after the opening of the valve (10), 
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the helium-nitrogen mixture began flowing upward in the hot riser and downward in 
the cold downcomer due to the density difference arising from the temperature 
difference between the riser and downcomer. Since the downcomer was unheated, 
the coolant temperature in the downcomer decreased from the upper plenum to the 
lower plenum.  
 
2.2.3 Helium Analyzer: Measuring Principle 
The volumetric concentrations of helium and nitrogen were recorded with the 
help of helium analyzers (Divesoft, M12) which were connected to the upper and 
lower plena through gas sampling ports (6) and (11) shown in Fig. 2.2a. A small 
volume of gas was sampled from each port for 30 seconds at certain time intervals 
and passed through a needle valve to reduce the pressure before flowing through the 
helium analyzer and being discharged to the atmosphere. The volumetric helium 
concentration in the gas sample was determined with the help of an electrochemical 
sensor in the helium analyzer which gave an output voltage proportional to the 
helium concentration in the gas mixture. For a greater accuracy of the measurement, 
a two-point calibration was performed with pure helium and nitrogen. The helium 
analyzer measured the speed of sound in the gas mixture which depends on the gas 
temperature and concentrations of helium and nitrogen, but little on the gas pressure. 
The speed of sound can be described in the mixture by a non-linear function of the 




2.3 Results and Discussion 
The natural circulation data are presented for different graphite midpoint 
temperatures (GMT), operating pressure, and overall concentration of nitrogen in 
helium (in terms of gas pressure). The amount of nitrogen gas injected into the lower 
plenum and thus the overall nitrogen concentration in the gas mixture was 
systematically changed to determine its effect at different graphite midpoint 
temperatures in the riser. Table 2.1 shows the different experimental parameters that 
were controlled during these natural circulation experiments. 
Table 2.1: Experimental parameters 
Experimental Parameter Range/Value 
Graphite Midpoint temperature (GMT) (0C)  100 – 400 
Helium Pressure (kPa) 103.4 
Nitrogen Pressure (kPa) 34.5 - 103.4 
 
In the following sections, the effects of various experimental parameters on 
nitrogen transport from the lower plenum to the upper plenum will be examined. A 
quantitative analysis of the diffusion and natural circulation time scales will also be 
presented to better understand the air-ingress scenario. It should be noted that 
unless specified otherwise, t = 0 is the time at which the isolation valve (10) is opened 






2.3.1 System Pressure   
Fig. 2.3a shows the variations of system pressure for different Graphite 
Midpoint Temperatures (GMTs) for the same initial helium and nitrogen 
concentrations. The system was initially filled with helium to 103.4 kPa at room 
temperature and then nitrogen was added to the lower plenum until the system 
pressure increased by 34.5 kPa to 137.9 kPa. It is observed that the system pressure 
increased with GMT as heating of the riser caused the gas expansion in a closed flow 
loop. At t = 0, an isolation valve (10) was opened to initiate natural circulation of the 
gas mixture in the flow loop. During the course of the experiment, the system pressure 
gradually decreased due to small leakage from the flow loop and gas sampling. In Fig. 
2.3a, the rate of pressure reduction increased with the initial pressure and was at 
maximum 50 kPa over 300 minutes. The system pressure reduction also occurred 
when small amounts of gas samples were taken from the upper and lower plenums 
at regular intervals, as indicated by small spikes in the pressure curves. Each gas 
sample was passed through the helium analyzer and then discharged to the 
atmosphere. 
In Fig. 2.3b, a comparison of the system pressure variations for different initial 
gas mixture concentrations and riser’s Graphite Mean Temperature (GMT)  is 
presented. As the amount of nitrogen injected increases, the overall system pressure 






Figure 2.3: System pressure variations for (a) different GMTs for an initial gas 
mixture of 103.4 kPa He and 34.5 kPa N2, and (b) different nitrogen 







 In all cases, the initial system pressure increased with the GMT and initial 
nitrogen concentration in the lower plenum but decreased with time due to leakage 
and gas sampling. The gas leakage rate was greater for higher system pressures.  
 
2.3.2 Volumetric Concentrations of Helium-Nitrogen 
Figure 2.4 shows the changes in volumetric concentration percentages of 
helium and nitrogen with time in the lower plenum for one of the cases (103.4 kPa He 
– 34.5 kPa N2) for different GMTs. 
  
Figure 2.4: Volumetric concentrations in the lower plenum for initial gas 




For the riser GMT of 100 oC, it took ~200 minutes for volumetric 
concentrations of nitrogen and helium to reach 50 % in the lower plenum. As the GMT 
was increased, it took shorter times for these curves to intersect (in as low as ~ 30 
minutes for GMT of 400 oC). As described earlier, nitrogen was injected into the lower 
plenum, so initially the concentration of nitrogen in the lower plenum was high. As 
nitrogen was transported upwards in the riser, the volumetric concentration of 
nitrogen in the lower plenum decreased over time. Taking the 50 Vol.% concentration 
of both gases as the reference value, the rate of nitrogen transport from lower to 
upper plenum became faster (see vertical dotted lines) with an increase in the GMT 
of the riser as expected. In the event of air-ingress, the exposure of a hot graphite core 
in VHTR to air can lead to oxidation reactions which are exothermic, so even higher 
temperatures would be induced leading to more air entry into the lower plenum and 
the reactor core.  
Figure 2.5 shows the variations of the nitrogen concentrations in the upper 
plenum. As the initial concentration of nitrogen in the lower plenum increases, the 
volumetric percentage of nitrogen in the upper plenum is found to increase, 
indicating transport of larger amounts of nitrogen from the lower to upper plenum. 
Comparing Figs. 2.4 and 2.5, we see that at equilibrium, the upper and lower plenum 




Figure 2.5: Variations of volumetric concentrations of nitrogen in the upper 
plenum for 400 oC GMT in the riser for different initial concentrations of the 
gaseous mixture. 
2.3.3 Transport of Nitrogen in the Riser 
In this section, the transport of nitrogen from the lower plenum through the 
riser into the upper plenum will be examined in detail. As mentioned earlier, the 
temperature profiles in the graphite are measured by thermocouples imbedded at 
three radial depths at each of the ten axial locations 25 cm apart. At each elevation in 
the riser, an average graphite temperature can be calculated from the temperatures 
measured at three radial depths.  
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Figure 2.6 shows the variations of the average graphite temperatures at ten 
elevations. Close examinations of the graphite temperature data show small but 
sudden drops (as indicated by red arrows) in the graphite temperatures which are 
believed to indicate the arrival of nitrogen at the temperature measurement location 









Figure 2.6: Variations of average graphite temperatures at different axial 
positions for initial pressures of 103.4 kPa He and 3.5 kPa N2 at 400 oC (time = 
0 corresponds to valve (10) opening). 
 
At the same pressure (201 kPa) and temperature (400 oC), the volumetric heat 
capacity (ρ·Cp = 1,364 J/m3K) of a nitrogen-helium mixture with 10% nitrogen is 
significantly higher than that of pure helium (ρ·Cp = 926.8 J/m3K). At higher nitrogen 
concentrations, the volumetric heat capacity (ρ·Cp) increases and is 2.4 times greater 







Table 2.2: Volumetric Heat Capacities for Different Nitrogen Concentrations in 
Helium-Nitrogen Mixture 
 
Since the bulk temperature rise in convection is inversely proportional to the 
volumetric heat capacity as indicated by Eq. 1, a higher ρ·Cp value would result in a 
lower rise in the bulk temperature, ∆T, for a given rate of convection heat transfer to 





                   
 
Thus, when nitrogen starts flowing upward after the Onset of Natural Circulation, the 
bulk temperature of the gas mixture arriving at a given axial location would be lower 
than when pure helium was flowing, so the local graphite temperature would drop 
suddenly. Table 2.3 shows the time intervals at which temperature drops were 







(𝛒 · 𝐂𝐩)(𝑯𝒆+ 𝑵𝟐)
 
100 0 926.8 1 
90 10 1364 0.68 
80 20 1713 0.54 
70 30 1973 0.47 
60 40 2143 0.43 







Table 2.3: Detection of Temperature Drops at different Time Intervals 
z(m) 0.27 0.51 0.75 0.98 1.22 1.55 1.79 2.03 2.27 2.51 
ti (min) 53.5 54.1 54.8 55.6 - 56.7 57.2 57.5 58.7 58.5 
























In the above table, z stands for the ten different axial locations where 
thermocouples have been imbedded as mentioned earlier, ti stands for the different 
times at which sudden drops in the local graphite temperatures are detected, and ∆ti 
= (ti – t1) stands for the time elapsed after the temperature drop is detected at the first 
axial location. At the axial location 5 (z =1.22 m), the temperature drop could not be 
clearly detected. From the graphite temperature drops detected, the axial transport 
of nitrogen through the riser can be better understood from Fig. 2.7, where the values 
of ∆ti are plotted for the riser GMT of 400 oC and different initial nitrogen 







Figure 2.7: Nitrogen transport through the riser as a function of time for GMT 
of 400 oC (∆ti stands for the time elapsed after the temperature drop is 
detected at the first axial location (ti – t1)). 
The time taken for nitrogen to travel from the first axial location at the bottom 
of the riser to the top axial location (∆t10) is shown in Fig. 2.8 for different riser GMTs 
and initial nitrogen concentrations. As the initial concentration of nitrogen in the inlet 
plenum increases, more nitrogen is available for transport which leads to shorter 
transport times for nitrogen to reach the top axial location and eventually into the 




Figure 2.8: Time taken for Nitrogen to transport from first to top axial position 
(∆t10 = t10 – t1). 
 
2.3.4 Downcomer inlet gas temperature 
Figure 2.9 shows the gas temperature variations at the downcomer inlet for 
riser GMTs of 100 – 400 oC over the entire duration of the experiment. After the valve 
(10) is opened at t = 0, the gas temperature at the downcomer inlet remains at near 
the room temperature and rises slowly, indicating slow movement of helium in the 
flow loop and molecular diffusion of nitrogen in the riser. It is important to note that 
the downcomer is unheated and covered with a 2.6 cm-thick insulation to reduce the 
heat loss to the environment. After more than 30 – 130 minutes, a sudden rise can be 
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observed in the gas temperature at the downcomer inlet indicating the arrival of 
nitrogen indicating the Onset of Natural Circulation (ONC) [27, 33]. At this time, the 
dominating mechanism for nitrogen transport in the riser changes from molecular 
diffusion to natural circulation.  
The sharp rise in the gas temperature at the downcomer inlet is due to the 
transport of nitrogen to the upper plenum. Since helium has low density and high 
thermal conductivity, the gas temperature drops rapidly due to heat loss in the tubing 
representing the upper plenum. But the density of nitrogen is approximately 7 times 
larger than that of helium and thermal conductivity is not as high as that of helium, so 
nitrogen does not cool down as rapidly as helium while flowing through the upper 
plenum. Thus, when nitrogen arrived at the upper plenum and downcomer inlet, the 
temperature reading rose sharply. This can be better explained by comparing Fig. 
2.9a and 2.9b. As seen in Fig. 2.9a for the riser GMT of 300 oC, the downcomer inlet 
temperature rises sharply at approximately 100 minutes (see orange line). In Fig. 
2.9b, the nitrogen concentration begins to show a sharp increase, reaching a peak at 
t = 130 min. Afterwards, the nitrogen concentration gradually decreases owing to the 
movement of nitrogen from the upper plenum into the cold vessel (downcomer) and 





Figure 2.9: Variations of (a) gas temperature at the downcomer inlet for 103.4 
kPa He and 34.5 kPa N2 and (b) volumetric concentrations of N2 in the upper 




GMT = 300 oC 
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The times at which ONC occurs are shown in Fig. 2.10 for different riser GMTs 
and different initial nitrogen concentrations in the lower plenum. With the increasing 
riser GMT and greater initial N2 concentration in the lower plenum, the ONC occurs 
earlier. The ONC times are examined further in the next section by comparing with 
the diffusion time scales.   
 
Figure 2.10: Variation of ONC time with Graphite Midpoint Temperature 
 
2.3.5 Comparison of Diffusion Time Constant and ONC Time 
In order to better understand the underlying physics for the transition from 
molecular diffusion to natural circulation during the air-ingress scenario, a diffusion 





= =  − 𝐷𝑖  𝛻
2Ci (2) 
                          
The term on the left-hand side represents the concentration variation with 
time while the term on the right-hand side represents the diffusive transport [20]. 
Using Eq. 2 the scaling can be done as follows: 
Ci
∆t




                   
where ∆t = diffusion time scale (s); L = Length scale of diffusion. Thus, the overall 






                    
where L is the length of the riser and Di is the diffusion coefficient in the segment. In 
order to calculate the diffusion coefficient for a gaseous mixture that is non-polar and 
non-reacting within the riser, Hirschfelder et al. [35] presented an equation for the 
diffusion coefficient, using the Lennard – Jones collision parameters and given by Eq. 





















   
Figure 2.11: Variation of Diffusion time constant (τ) with Graphite Midpoint 
Temperature. 
Figure 2.11 shows the diffusion time constants (from Eq. 4) for different 
graphite midpoint temperatures. These values were used to calculate the ratio of 
τ/tonc using the ONC times from Fig. 2.10. Figure 2.12 shows the variation in the ratio 
of the diffusion time constant to the ONC time with the graphite midpoint 
temperature (GMT). Even though it can be seen in Fig. 2.11 that with the increment 
in the graphite midpoint temperature, the diffusion time constant decreases, or 
diffusion is occurring faster, the ratios in Fig. 2.12 show an increase with GMT 
indicating that the ONC time decreases at a faster rate. This behavior is due to the 
increasing dominance of natural circulation and reduction in ONC time as the graphite 
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midpoint temperature increases [33]. Also, as the concentration of nitrogen 
increases, faster transition is observed from diffusion to natural circulation resulting 
in increased τ/tonc ratios.         
   
Figure 2.12: Ratio of (τ/tonc) vs. Graphite midpoint temperature 
 
2.4 Conclusions 
            Natural circulation experiments were carried out to study the air ingress 
scenario in a VHTR by using helium and nitrogen in a gas flow loop with a graphite 
riser test section. The flow loop was initially filled with helium and nitrogen was 
slowly introduced into the lower plenum. The riser was then heated until steady 
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temperatures were reached, then a valve was opened to initiate natural circulation 
between the riser and downcomer. Initially, molecular diffusion was the driving force 
for the air-ingress scenario, however, after a few hundred minutes, there was a 
transition of the driving mechanism to natural circulation. The effects of various 
experimental parameters during the air-ingress scenario were studied and how the 
concentration of nitrogen in the gaseous mixture would affect the temperatures of 
the riser and downcomer was investigated as well. From the temperature response 
of the graphite riser test section, the arrival of nitrogen at different elevations was 
detected. The Onset of Natural Circulation could be determined from the sudden and 
sharp rise in the gas temperature measured at the inlet of the downcomer which was 
found to occur between 20 and 150 minutes after the depressurization event in 
contrast to the numerical simulation results presented by Oh et al. [11, 20, 21] which 
suggested that ONC would occur within 100 seconds after depressurization. The 
current experimental results are consistent with the ONC results reported by Gould 
et al. [33] obtained experimentally using an “h-shaped” tube initially filled with 
helium and open to the atmosphere at both bottom ends. Since longer ONC times 
would mean lower decay heat in the reactor core after shutdown, coolability of the 
reactor core would be enhanced in the DCC scenario. The sudden drop in the graphite 
temperature at the time of nitrogen arrival could be successfully interpreted based 
on differences in the volumetric heat capacities of a nitrogen-helium mixture and 
pure helium. As mentioned earlier, it is noted that the total gas pressure in the present 
experiments are not exactly representative of the total gas pressure at the 
corresponding stage of the postulated air ingress accidents in VHTRs, which is 
37 
 
expected to be at or near atmospheric pressure due to pressure relief valves and 
louvered vents installed in the reactor cavity and set to open typically at about 6.8 
kPa (1 psi) above atmospheric pressure. The deviation of the total pressure used in 
the experiments from the expected gas pressure in the actual air ingress scenario was 
necessary to make up for the leakages and gas sampling that took place during the 
experiments. Even though this would lead to some overcompensation for the actual 
pressure effects, the present experiments still provide a good understanding of the 
air ingress scenario. For example, it is clearly shown that the transport of nitrogen 
through the riser slows down and the ONC time increases as the total pressure 
decreases as shown in Fig. 2.8 and 2.10, respectively. Thus, in the actual air ingress 
scenario in VHTRs, where the gas pressure inside the reactor will be at or close to the 
atmospheric pressure, the present results point to slower air transport through the 
core and delayed oxidation of the hot graphite core. 
Finally, a theoretical diffusion model was used to quantify the diffusion time 
constants for the current experiments while the ONC times were determined 
experimentally. The non-dimensional time ratio ‘τ/tonc’ was found to increase with 
the graphite midpoint temperatures owing to the increased dominance of natural 
circulation. These experimental results on the effects of various parameters and the 
quantification of time constants can be used in a computational model to obtain   a 
deeper understanding of the air-ingress scenario and also to perform better safety 
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2.6 Nomenclature 
Cp           Specific Heat Capacity (J/kg·K) 
Di                 Diffusion Coefficient (cm2/s) 
GMT      Graphite Midpoint Temperature (oC) 
HTC       Heat Transfer Coefficient (W/m2·K) 
HV         Hot Vessel or Riser 
L             Length (m) 
M            Molar mass (g/mol) 
P             Pressure (kPa) 
Qi                 Input Heater Power (W) 
T             Temperature (K) 
TC          Thermocouple 
ti                    Time intervals at which temperature drops are detected (min) 
tONC              Onset of Natural Convection time (min) 




z              Axial Height Location (m) 
ρ              Density (Kg/m3) 
σA-B         Average Collision diameter (Å) 
τ              Diffusion time constant (min)  
ΩD           Temperature-dependent collision integral 
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3 Quantitative Analysis of Mass Flow Rates 
during Natural Circulation in a High-
Temperature Gas Flow Loop* 
3.1 Introduction 
Air ingress is one of the phenomena that could lead to hot spots in the core of 
a Very High Temperature Reactor (VHTR) or High Temperature Gas Reactor (HTGR) 
under accident situations. It begins with the loss of a gaseous coolant, typically 
helium, from the reactor vessel which leads to depressurization of the primary flow 
loop including the core which continues to generate heat. The leaked coolant mixes 
with the air present in the reactor cavity surrounding the reactor vessel. The coolant 
remaining in the flow loop would begin to undergo natural circulation due to 
continued heating and reduced density in the reactor core.  
__________________________________________ 
*This work has been submitted in similar form as: Quantitative Analysis of Mass Flow Rates during 




When the flow loop is fully depressurized, air could enter the reactor vessel 
and cause possible oxidation of the graphite in the core. The air ingress phenomena 
have been studied over the years through experiments [1-20] and numerical 
simulations [21-32]. Although some of these studies have examined the mechanism 
of air transport in the reactor core following air ingress, a better understanding of the 
air transport in the reactor core is still needed. Thus, the present work reports on the 
measurement and analyses of mass flow rates of helium-nitrogen mixtures in a high 
temperature gas flow loop under steady natural circulation. The reason for using 
nitrogen instead of air is to avoid exothermic oxidation of a graphite flow channel 
used in the riser in the present work which could affect the natural circulation flow. 
The details of our natural circulation experiments conducted in a helium flow loop 
after the injection of nitrogen into the lowest part of the flow loop have been 
described in our previous publication [19]. The present experiments have been 
performed with mixtures of helium and nitrogen as well as single gases (pure helium 
and pure nitrogen) to better understand the effect of nitrogen transport on natural 
circulation of gas mixtures during the air ingress scenario. An in-house mass flow 
measurement device was designed and used to measure the total gas circulation rates 






3.2 Experimental set-up and methodology 
3.2.1 Test Facility 
An existing high-pressure and high temperature gas flow test facility at City 
College of New York has been used in this work [33-36]. The schematic of the 
experimental set-up can be seen in Fig. 3.1a. The facility consisted of a stainless steel 
304 pressure vessel (rated at 70 bar/923 K) simulating the hot fuel zone in the flow 
loop (referred to as the riser or hot vessel (HV)), and a downcomer region around the 
core periphery (referred to as the cold vessel). The hot vessel housed a 2.7 m long 
graphite column with a 108 mm outer diameter. The graphite column had four 2.3 
kW electric heater rods symmetrically placed around a central coolant channel of 16.8 
mm diameter as shown in the cross-sectional view in Fig. 3.1b. The temperatures in 
the graphite were measured using 40 thermocouples imbedded at ten axial locations 
25 cm apart. Each plane had four thermocouples at different radial and azimuthal 
locations [33-36]. 
A stainless-steel cylindrical chamber with a 7.0 cm diameter and 17.0 cm 
height was fabricated to represent the lower plenum. A stainless-steel tube of 14.5 
mm inner diameter was used to connect the top of the riser and the lower plenum as 
a downcomer of the flow loop simulating the cooler reflector zone in the VHTR core. 
A mass flow measurement system was set up in the top horizontal section as 
described in the next section. 
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Figure 3.1: (a) Natural Circulation Experimental Set-up, and (b) Cross-
sectional view of the graphite column in HV. 
The vertical downcomer section was thermally insulated but allowed cooling of the 
gas by natural convection to the environment. A three-way valve connected a vacuum 
pump and nitrogen gas cylinder to the bottom of the downcomer.  The vacuum pump 
was used to completely flush out the gases from the flow loop before filling it with 
helium. A pressure transducer (Omega, PX313) was installed on the inlet piping 
connected to the pressure vessel for continuous monitoring of the system pressure. 
(a) (b) 
LEGEND 
1. Lower plenum sampling port, 2. 
Pressure gauge, 3. Pressure Transducer, 
4. Needle valve, 5. Pressure relief valve 6. 
vacuum pump line, 7. Nitrogen Injection 
8. Cold Vessel (Downcomer), 9. Upper 
plenum sampling port, 10. Vessel flange, 
11. Helium Injection, 12. Hot Vessel 
(riser) containing a graphite column, 13. 
Mass flow measurement device, T1-T10: 
Thermocouples connected to the riser, 




The thermocouples and pressure transducer were connected to a National 
Instruments data acquisition system for continuous monitoring and data acquisition 
via a LabVIEW program. 
 
3.2.2 Experimental Procedure  
Prior to the actual experiments, the test facility was vacuumed to near vacuum 
twice and filled with helium. Then, nitrogen was slowly injected into the lower 
plenum of the riser until the system pressure rose to required values. The gas mixture 
was allowed to settle for at least 10 minutes so heavier nitrogen would occupy the 
lowest part of the flow loop including the lower plenum. The needle valve (Fig. 3.1a, 
legend 4) connecting the riser and downcomer at the bottom was then closed 
completely to prevent natural circulation by isolating the riser from the downcomer. 
The electric heater rods in the riser were then turned on and the graphite midpoint 
temperature (GMT) in the riser was increased to a desired value. An important point 
to note here is that the system pressures for pure helium, pure nitrogen and gaseous 
mixture cases were initially set at the same selected values (138, 172 and 207 kPa), 
however, the system pressure eventually increased with the increase in the GMT. 
After the steady temperature profiles were reached in the heated riser test section, 
the needle valve was opened to initiate natural circulation of a helium-nitrogen 
mixture through the riser and downcomer. Immediately after the opening of the 
needle valve, the helium-nitrogen mixture began flowing upward in the hot riser and 
downward in the cold downcomer due to the density difference arising from the 
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temperature difference between the riser and downcomer. In the present paper, the 
steady mass flow rates reached after transient periods are analyzed and reported.    
The volumetric concentrations of helium and nitrogen in the gaseous mixture 
were measured by helium analyzers (Divesoft, M12) which were connected to the 
upper and lower plena through gas sampling ports (1) and (9) as shown in Fig. 3.1a. 
A helium analyzer could determine the volumetric concentrations of helium in the 
gaseous mixture. For each measurement, a small volume of gas was sampled from 
each sampling port at certain time intervals, passed through the helium analyzer and 
then discharged to the atmosphere.  Data acquisition was continued until steady state 
conditions were reached after about 5 to 8 hours, and the concentrations of nitrogen 
and helium (in gaseous mixture) became constant in both the upper and lower plena, 
respectively. 
 
3.2.3 Mass Flow Rate Measurement 
A mass flow rate measurement device was designed, constructed and installed 
in the upper plenum in order to measure the natural circulation flow rate. It consisted 
of two 50 W heating tapes [Chromalox, 121620] powered by a 24V DC source, that 
were connected and wrapped around the interconnecting tube at the top (upper 
plenum). This tubing connecting the outlet of the riser (hot vessel) and inlet of the 
downcomer (cold vessel) was also insulated on the outer surface to minimize heat 
losses. Thermocouples were installed on the insulation surface (Fig. 3.2) to measure 
the average temperature difference between the insulation surface and ambient 
temperature in order to further corroborate any heat loss values. By adjusting the 
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voltage and current on the power supply, the heater’s power was adjusted in the mass 
flow measurement system to a desired value. Four thermocouples were inserted into 
the tube to measure the gas temperatures before and after the heated section.  
 
Figure 3.2: Mass flow rate measurement system. 
By applying DC power to the heating tape and measuring the inlet and outlet bulk 
temperatures at steady state, an energy balance given by Eq. 1 could be solved for two 
power levels to obtain the mass flow rate. The heat transfer coefficient for natural 
convection heat loss from the insulation surface was first determined as a function of 
the outer surface temperature with a stagnant gas inside the tube. The method 
described by Eq. 1 involved at least two experimental conditions to determine the 
mass flow rate. 
 ṁCP(TOuti − Tini) − h(TInsulationi − TAmbienti) =  QHeateri (1) 
                                                      
52 
 
3.3 Results and discussion 
The mass flow rate results are presented for different graphite midpoint 
temperatures (GMT) in the riser, different operating pressures and initial 
concentrations of nitrogen-helium mixtures (in terms of gas partial pressures). The 
amount of nitrogen gas initially injected into the lower plenum and thus the overall 
nitrogen concentration in the flow loop was systematically changed to determine its 
effect for different graphite midpoint temperatures in the riser. Mass flow 
measurements were also performed in natural circulation experiments using single 
gases (pure helium and pure nitrogen) in order to better understand the effect of 
nitrogen on the mass flow rates for the gas mixture. Table 3.1 shows the different 
experimental conditions covered during these natural circulation experiments. 
Table 3.1: Experimental Conditions 
Experimental Parameter Range/Value 
Graphite Midpoint Temperature (GMT) (0C)  100 – 400 
Initial Helium Pressure (kPa) 34 – 207 
Initial Nitrogen Pressure (kPa) 34 – 207 
Initial He-N2 mixture Pressure (kPa) 34 - 207 
 
3.3.1 Mass Flow Measurements 
3.3.1.1 Single Gas Mass Flow Measurements 
 
        Figure 3.3 displays the mass flow rates measured in twelve different experiments 
performed (Fig. 3.3a for pure nitrogen and Fig. 3.3b for pure helium, respectively). 
For both gases, there is a clear dependency of mass flow rate on the working pressure 
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because of the relation between pressure and gas density. Also, the results in Fig. 3.3 
show that the mass flow rates for nitrogen are almost an order of magnitude greater 
than those of helium. This can be attributed to the density of nitrogen which is ~7 
times greater than that of helium thereby resulting in much higher mass flow rates. 
        It would also be useful to examine the increase in the mass flow rate with the riser 
(HV) temperature as well, since at higher temperatures, a greater difference in helium 





   
 
Figure 3.3: Mass flow rates for (a) pure N2, and (b) pure Helium for different 
riser GMTs and initial system pressures. 
As the graphite midpoint temperature (GMT) was increased in the riser, the gas 
temperature increased, and the gas density decreased. A less dense gas is also 
expected to move at a faster velocity. However, the profiles shown in Fig. 3.3 show 
the effects of two opposing properties: viscosity and density. As the gas temperature 
increases, its density decreases but the dynamic viscosity increases. Thus, as GMT 
increases from 300 to 400 oC, the flow resistance would increase triggering a decrease 
in mass flow rate as observed in Fig. 3.3. This can be better explained by analytically 




considering the following assumptions: a) one-dimensional axisymmetric flow, b) a 
long tube with no end effects, c) fully developed hydrodynamic conditions, d) 
Boussinesq’s approximation is valid, and e) narrow channel assumption (i.e., the fluid 
temperature is nearly the same as the wall temperature). Velocity can be obtained 
and integrated over the cross section to obtain the mass flow rate solution presented 










) (2)                                                                                             
where μ represents the dynamic viscosity and τ = Tw/ Tb. As can be seen, Eq. 2 
highlights the strong dependency of flow rate on pressure (through ρ2), and the 
opposing effect of temperature (through μ). Eq. 2 is described in detail in Appendix B. 
 
3.3.1.2 Gaseous Mixture Mass Flow Measurements 
 
Figure 3.4a presents the variations in mass flow rates for different 
concentrations of helium-nitrogen with different GMTs. It can be seen that as the 
concentration of nitrogen increases in the gaseous mixture due to different initial 
concentrations, the mass flow rate is found to increase. As mentioned earlier, this is 
owing to the high density of nitrogen in comparison to helium. The effect of nitrogen 
on the mass flow rates and eventually air ingress can be better understood from Fig. 
3.4b where the initial pressure of the gaseous mixture was kept constant at 207 kPa 
and the ratio of the nitrogen to helium concentration was varied for two different 






Figure 3.4: Natural circulation mass flow rates for (a) different gas mixture 
concentrations at different GMTs and (b) Effect of nitrogen concentrations on 
mass flow rates at GMT’s of 200 oC and 400 oC and initial system pressure of 







The mass flow rate can be seen to increase as a quadratic function of the 
nitrogen concentration in the mixture. Table 3.2 shows a comparison of mass flow 
rates with respect to the nitrogen concentration in the gaseous mixture keeping the 
initial gas mixture pressure the same for 200o C GMT. It can be observed from Table 
3.2 that when there is no nitrogen present in the system (pure helium), the mass flow 
rate is very low. But, as the concentration of nitrogen is increased with decreasing 
concentration of helium, the mass flow rate increases significantly and becomes 6.45 
times greater at 75% nitrogen and almost 10 times when there is pure nitrogen in the 
system. The increment in the mass flow rate is almost quadratic as can be seen from 
Fig. 3.4b. This signifies the importance of nitrogen on the gas transport during air 
ingress and implies that more nitrogen (air in the actual situation) will lead to faster 










Table 3.2: Comparison of mass flow rates with respect to N2 concentration in 
the gaseous mixture at 200 oC GMT. 
 
















207 kPa He - 0 kPa N2 100 0 0.248 1 
155 kPa He - 52 kPa N2 75 25 0.500 2 
103.5 kPa He - 103.5 kPa N2 50 50 0.850 3.43 
83 kPa He - 124 kPa N2 40 60 0.970 3.91 
52 kPa He - 155 kPa N2 25 75 1.600 6.45 
0 kPa He - 207 kPa N2 0 100 2.330 9.34 
 
The effects of the graphite midpoint temperature (GMT) on the mass flow 
rates are shown in Table 3.3. It can be clearly observed from Table 3.3 that as GMT 
increased from 200 to 400 0 C, the mass flow rate increased by as much as ~2.45 times 
for pure nitrogen compared to pure helium. Also, as mentioned earlier, the mass flow 
rates were found to decrease after a certain GMT thus showing the dominance of 






Table 3.3: Comparison of mass flow rates for different graphite midpoint 
temperatures (GMT).  
 
Initial Gaseous Mixture 
Concentration (kPa) 
Mass Flow 
Rate (MFR) at 
200o C  
x 10-3 (kg/s) 
Mass Flow 
Rate (MFR) at 
400o C 




207 kPa He - 0 kPa N2 0.248 0.278 1.13 
155 kPa He - 52 kPa N2 0.500 0.580 1.16 
103.5 kPa He - 103.5 kPa N2 0.850 1.200 1.41 
83 kPa He - 124 kPa N2 0.970 1.700 1.75 
52 kPa He - 155 kPa N2 1.600 3.400 2.13 
0 kPa He - 207 kPa N2 2.330 5.700 2.45 
 
 
3.3.2 Effect of Mean Temperature difference between Riser and Downcomer  
 In this section, we look at the effect of the mean temperature difference 
between the riser (hot vessel) and downcomer (cold vessel) which is the main driving 
force for natural circulation of gases. As mentioned earlier, the riser is the only 
component that is heated during the experiments. This led to a temperature 
difference between the riser and the downcomer and once the valve connecting them 










Figure 3.5: Mean temperature difference between the riser and downcomer as 
a function of GMT for (a) pure N2, (b) pure He and (c) He-N2 mixture. 
 
The experimental results displayed almost a linear variation of the mean temperature 
difference between the riser and downcomer with GMT in the riser as shown in Fig. 
3.5 for different cases including pure nitrogen, pure helium, and He-N2 mixtures at 
different initial system pressures. 
The effect of the mean graphite temperature difference between the riser and 
downcomer on the mass flow rates can be seen in Fig. 3.6. As mentioned earlier, after 
a certain temperature difference, a drop in the mass flow rates can be seen owing to 









Figure 3.6: Variations of mass flow rate with mean temperature difference 
between riser and downcomer for (a) pure N2, (b) pure He and (c) He-N2 
mixture. 
3.3.3 Effect on Reynolds number (Re)  
Using the mass flow rates that have been calculated using the mass flow 
measurement system, other parameters such as velocity, density, local Reynolds 
numbers (Re) and steady state mean Reynolds numbers are examined next. First, the 
effects of GMT in the riser on the average gas density and velocity are shown in Fig. 
3.7. The average gas density in the riser decreases and the velocity increases with an 





















Figure 3.7: Variations of average densities of (a) pure He, (b) pure N2, and (c) 
He-N2 mixtures, and average velocities for (d) pure He, (e) pure N2, (f) He-N2 
mixtures with graphite midpoint temperature (GMT). 
However, if we look at the average Reynolds numbers (Re) in the riser at 
steady state (Fig. 3.8), the values of Re for pure nitrogen (Fig. 3.8b) were nearly an 
order of magnitude higher in comparison to the pure helium case (Fig. 3.8a) owing to 
the higher density of nitrogen in comparison to helium (almost 7 times). Different 
behaviors are observed in the variations of mean Re with GMT between pure helium 
and pure nitrogen results. For pure helium, the mean Re (= 𝜌𝑢𝐷/𝜇) calculated using 
the average density, velocity and viscosity in the riser, is found to continuously 
decrease with GMT. Although the mass flow rate of helium increased continuously 
with GMT (Fig. 3.3b), the mean Re continuously decreased (Fig. 3.8a) due to the falling 
density and increasing viscosity. However, for pure nitrogen, mean Re increased first, 
reached a peak at 200 or 300 o C and then decreased. The mass flow rate of nitrogen 
shows a similar variation (Fig. 3.3a), indicating that the effect of viscosity eventually 
becomes dominant and causes Re to decrease at higher values of GMT.  
The influence of nitrogen is felt in the gaseous mixture cases as well where Re 
shows trends similar to those of the pure nitrogen case. The Re values for gaseous 
mixtures are found to be in between the values for pure helium and pure nitrogen 
cases with the trends resembling those of nitrogen at increasing nitrogen 










Figure 3.8: Average Re in the riser at steady state for (a) pure He, (b) pure N2 
and (c) He-N2 mixtures as a function of GMT. 
Having measured the mass flow rate of the gas through the system, it was 
possible to calculate the local bulk temperature from an energy balance and the local 
Reynolds number at any axial location in the riser [34-35] by using Eq. 3,  
Rei =  
2ṁ
πµir
(3)                                                                                                         
where r is the tube radius and the local dynamic viscosity µi is evaluated at the local 
bulk temperature, Ti. Viscosity was calculated from Sutherland’s formula, which could 
be used to obtain the dynamic viscosity of an ideal gas as a function of the 
temperature [37]. The bulk temperature profile of the gas was determined by 




energy balance for each segment [34-36]. The inlet and outlet bulk temperatures for 
each segment were then determined using Eq. 4, 




where, Ti and Ti+1 denote the inlet and outlet bulk temperatures in each segment. ∆Q 
refers to the total heat transferred to the fluid given by, 
∆Q = Qin −  Qout (5)                      
where, Qin is the total heat generated in each segment by the electric heater rods and 
Qout is the total heat loss from the PV surface and via axial conduction [35-36].  
Figure 3.9a shows the variations of the local Reynolds numbers in the riser for 
different concentrations of nitrogen in the gaseous mixture in one of the cases (207 
kPa initial system pressure and 400o C). The maximum local Re occurs at the inlet and 
increases with the concentration of nitrogen. Furthermore, the local Re decreases 
axially as the bulk temperature increases. As the concentration of nitrogen increases 
in the gaseous mixture, the reduction in the local Re between the inlet and outlet of 
the riser, represented by ∆Re, increases nearly linearly by as much as 2,500 for pure 
nitrogen as shown in Fig. 3.9b. This can be explained with the help of Eq. 6 which is a 
subset of Eq. 3, 









] (6)                                                                                                                     
where µinitial and µfinal are the local dynamic viscosities at the first and eleventh 
segment of the riser respectively. The variations in the local bulk temperatures are 
quite similar for pure helium, pure nitrogen and gaseous mixture cases (Fig. 3.9c), 
hence leading to similar magnitudes of local dynamic viscosities in all the cases. The 
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local Re is directly proportional to the mass flow rate. As mentioned earlier, the mass 
flow rate of pure nitrogen is much higher in comparison to that of pure helium 
(almost 10 times more) as shown in Fig. 3.3. Hence, the increasing mass flow rate with 
increasing nitrogen concentration is the primary reason for this large Re reduction 









Figure 3.9: Variations of (a) local Reynolds numbers, (b) reductions in mean 
Re, and (c) local bulk temperatures in the riser for different nitrogen 






Natural circulation experiments have been carried out in order to 
quantitatively analyze the mass flow rates during the natural circulation of a helium-
nitrogen mixture in a high temperature gas flow loop. The flow loop was initially filled 
with helium and nitrogen was slowly introduced into the lower plenum, prior to 
heating of the riser until steady temperatures were reached. Then a valve between 
the riser and downcomer was opened to initiate natural circulation. A mass flow rate 
measurement system was designed and installed in the upper plenum of the 
experimental setup in order to measure the natural circulation flow rate. The mass 
flow rates were determined for gaseous mixtures of different concentrations of 
helium and nitrogen and for pure helium and pure nitrogen as well, in order to better 
understand the effect of nitrogen in the gaseous mixture on the natural circulation 
mass flow rates.  
For both pure gases, helium and nitrogen, there was a clear dependency of 
mass flow rate on the working pressure because of the relation between pressure and 
gas density. Furthermore, the mass flow rates for nitrogen were found to be almost 
an order of magnitude greater than those for pure helium owing to the density of 
nitrogen being ~7 times greater than helium at the same pressure and temperature. 
Another interesting result in the mass flow rate data was due to the effect of two 
opposing properties: viscosity and density. The mass flow rates were found to 
initially increase and then eventually decrease with the increasing riser temperature 
(GMT) which is different from what is expected from a decrease in density and an 
increase in viscosity of gases with increasing gas temperature. The decrease in the 
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mass flow rate was attributed to the increasing dominance of viscosity over density. 
At higher temperatures, the flow resistance would increase triggering a decrease in 
mass flow rate.  
The effect of nitrogen concentration on the mass flow rates was studied as 
well. With an increase in nitrogen concentration in the gaseous mixture, the mass flow 
rates increased. The results imply that more ingress of nitrogen (air in actual air 
ingress situations) would lead to faster natural circulation flow rates and eventually 
faster oxidation of the graphite core in the flow loop. The effect of nitrogen 
concentration in the gaseous mixture on local Reynolds numbers at steady state was 
also investigated. The local Reynolds numbers were found to decrease along the riser 
flow channel due to the increase in the local bulk temperatures and the local gas 
viscosities. The present data on natural circulation of helium-nitrogen mixtures and 
the quantification of mass flow rates can be used to validate computational models 
used in safety analyses of high temperature gas reactors in accident situations. 
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Cp                   specific Heat Capacity, J/(kg·K) 
d                      channel diameter, m 
g                      gravitational acceleration, m/s2 
ṁ             mass flow rate, kg/s 
QHeater                     heater power going to mass flow rate measurement system, W 
Qin                  total heat generated in each segment by the heaters, W 
Qout                total heat lost from PV surface and via axial conduction, W 
r                       radius of coolant channel, m 
R                     channel radius, m 
Re                    Reynolds number 
TAmbient                  ambient temperature, K 
Tb                    bulk temperature 
Tin                             inlet temperature of mass flow rate measurement system, K 
TInsulation                insulation temperature of mass flow rate measurement system, K 
Tout                  outlet temperature of mass flow rate measurement system, K 
Tw                   wall temperature 
U                     velocity, m/s 
z                      channel length, m 
Greek Symbols 
∆Q                   total heat transferred to fluid, W 
∆Re                 Reduction in local Re in the riser   
76 
 
µ                      dynamic Viscosity, Pa.s 
ρ                      density, kg/m3 
τ                       wall to bulk temperature ratio  
Subscripts 
He                   Helium  
He + N2          Helium and Nitrogen Mixture 
i                      index number signifying local value for each segment 
in                    inlet 
initial              first segment 
final                eleventh segment 
out                  outlet 
Abbreviations 
CV                 Cold Vessel 
GMT             Graphite Midpoint Temperature 
HV                 Hot Vessel 
MFR              Mass Flow Rate  
PV                 Pressure Vessel 
T/C                Thermocouples connected to the mass flow rate measurement system 
TD1-TD3      Thermocouples connected to the downcomer 
T1-T10          Thermocouples connected to the riser 
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4   Study of Heat Transfer in a Natural 
Circulation Loop* 
4.1 Introduction 
Natural circulation loops (NCL) are flow systems that involve heating in the 
riser section (heat source) and cooling in the downcomer section (heat sink) that 
results in a density gradient which is the main driving force. There are many 
applications of natural circulation such as solar heating devices, absorption 
refrigerators, reboilers in chemical industries and cooling of various engines [1], as 
described in the past literature [2-12]. 
One of the most important uses of the natural circulation loops is in the 
emergency core cooling of nuclear reactors [1] especially in High Temperature Gas 
Reactors (HTGRs) or Very High Temperature Reactors (VHTRs).  
__________________________________________ 
*This work has been submitted in similar form as: Study of Heat Transfer in a Natural Circulation Loop. 




However, there have been some phenomena identified in these reactors that result in 
hot spots [13-16] in the reactor core that occur during accident scenarios. Air ingress 
is one such accident scenario where, air moves into the system after the reactor 
depressurization, and mixes with the coolant such as helium inside and could lead to 
possible oxidation of the graphite core of the reactor. Although, the natural circulation 
and air ingress scenarios have been extensively studied over the years [17-38], they 
need to be better understood from a heat transfer point of view. Thus, the present 
work reports on the measurement and analyses of heat transfer rates of helium-
nitrogen mixtures in a high temperature, low pressure gas flow loop under natural 
circulation conditions. The details of our natural circulation experiments conducted 
in a helium flow loop after the injection of nitrogen into the lowest part of the flow 
loop have been described in our previous publication [39]. The present experiments 
have been performed with mixtures of helium and nitrogen as well as pure gases 
(helium and nitrogen) to better understand the heat transfer and effect of nitrogen as 
well. 
 
4.2 Experimental Set-up and Methodology 
4.2.1 Test Facility 
This work has utilized an existing high-pressure and high temperature gas 
flow test facility constructed at City College of New York [39-43]. The main schematic 
of the experimental set-up can be seen in Fig. 4.1a. The facility consisted of a hot riser 
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(or hot vessel (HV)) with a graphite flow channel contained in a stainless steel 304 
pressure vessel and a downcomer (cold pipe).  
    
                                        
 
 
 Figure 4.1 (a) Natural Circulation Experimental Set-up, and (b) Cross-
sectional view of the graphite column in HV. 
 
A 2.7 m long graphite column with a 108mm outer diameter was housed in the 
hot vessel. This graphite column had four 2.3 kW heaters symmetrically placed 
(a) (b) 
LEGEND 
1. Lower plenum sampling port, 2. 
Pressure gauge, 3. Pressure Transducer, 
4. Needle valve, 5. Pressure relief valve 6. 
vacuum pump line, 7. Nitrogen Injection 
8. Cold Vessel (Downcomer), 9. Upper 
plenum sampling port, 10. Vessel flange, 
11. Helium Injection, 12. Hot Vessel 
(riser) containing a graphite column, 13. 
Mass flow measurement device, T1-T10: 
Thermocouples connected to the riser, 




around a central coolant channel of 16.8 mm diameter as shown in the cross-sectional 
view of the graphite column in Fig. 4.1b. A stainless-steel cylindrical chamber with a 
7.0 cm diameter and 17.0 cm height was fabricated as a lower plenum. A stainless-
steel tube of 14.5 mm inner diameter was used to connect the top of the riser and the 
lower plenum as a downcomer pipe which simulated flow channels in the cooler 
reflector zone in the VHTR core. The temperatures in the graphite column are 
measured using thermocouples imbedded at ten axial locations 25 cm apart. Each 
plane had thermocouples at different radial and azimuthal locations [39-43]. The flow 
channels in the riser and downcomer were connected by stainless steel tubes at the 
bottom and top. At the bottom of the downcomer, a three-way valve connected a 
vacuum pump and nitrogen gas cylinder. A pressure transducer (Omega, PX313) was 
installed on the inlet piping connected to the pressure vessel for continuous 
monitoring of the system pressure. The thermocouples and pressure transducer were 
connected to a data acquisition system for continuous monitoring via a LabVIEW 
program. 
 
4.2.2 Experimental Procedure  
Prior to each experiment, the flow loop was vacuumed twice to near vacuum 
and filled with helium. Then, nitrogen was slowly injected into the lower plenum of 
the riser until the system pressure rose to required values. The gas mixture was 
allowed to settle for at least 10 minutes so heavier nitrogen would occupy the lowest 
part of the flow loop including the lower plenum. The needle valve (refer to Fig. 4.1a, 
legend 4) connecting the riser and downcomer at the bottom was then closed 
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completely isolating the riser from the downcomer by not allowing any coolant 
circulation. The electric heater rods in the graphite column in the riser were turned 
on and the mean temperature of the riser was increased to a desired value. After 
steady temperature profiles were reached in the heated riser test section, the needle 
valve at the bottom of the flow loop was opened to initiate natural circulation flow of 
pure helium, pure nitrogen or a helium-nitrogen mixture through the riser and 
downcomer. Immediately after the opening of the needle valve, the gas began moving 
upward in the hot riser and downward in the cold downcomer due to the density 
gradient arising from the temperature difference between the riser and downcomer. 
Data acquisition was continued until steady values were reached (~5-8 h), with 
steady state defined as the gas temperatures and concentrations of nitrogen and 
helium (in gas mixture experiments) and pure gases (helium and nitrogen) becoming 
constant in the upper and lower plena, respectively. 
 
4.3 Results and Discussion 
The heat transfer results in the form of dimensionless numbers and other 
parameters are presented for different graphite midpoint temperatures (GMT) in the 
riser, different operating pressures and initial concentrations of nitrogen-helium 
mixtures (in terms of gas partial pressures). The amount of nitrogen gas initially 
injected into the lower plenum and thus the overall nitrogen concentration in the flow 
loop was systematically changed to determine its effect for different graphite 
midpoint temperatures in the riser. Heat transfer measurements were also 
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performed for pure gases in order to better understand the effect of nitrogen on the 
heat transfer rates for the gas mixture. Table 4.1 shows the different experimental 
conditions covered during these natural circulation experiments. 
 
Table 4.1 Experimental Conditions 
Experimental Parameter Range/Value 
Graphite Midpoint Temperature (GMT) (0C)  100 – 400 
Initial Helium Pressure (kPa) 34 – 207 
Initial Nitrogen Pressure (kPa) 34 – 207 
 
4.3.1 Heater Power 
The heater power required to heat the graphite core in the riser of VHTR is 
presented in Fig. 4.2a. Higher heater power applied during steady natural circulation 
caused the graphite midpoint temperature to increase as expected, but less heater 
power was required for the same GMT when the concentration of nitrogen was 
increased. This can be better understood with the help of Fig. 4.2b which shows a 
comparison of the total heater power applied for pure helium and pure nitrogen for 
one of the cases (initial pressure of 207 kPa). The total heater power applied for 
helium is much higher in comparison to nitrogen showing the effect nitrogen has on 








   
Figure 4.2 (a) Total heater power applied for pure helium and pure nitrogen, 
(b) Total heater power applied for gaseous mixture for initial system pressure 







An important point to also note is that most of the power supplied by the 
heaters is lost to the atmosphere in the form of radial and axial heat losses. The actual 
heat transfer to the fluid is much less in comparison to the actual heater power 
applied. Almost 90 percent of the total heat supplied is lost and is not transferred to 
the fluid (Fig. 4.3). These heat losses are taken into account in calculating the heat 







 Figure 4.3 (a) Heat transferred to fluid for pure helium and pure nitrogen, (b) 
Heat transferred to fluid for gaseous mixture and for initial system pressure of 
207 kPa as a function of GMT. 
 
4.3.2 Heat Transfer Coefficient (HTC) in the Riser 
The heat transfer coefficient (HTC) in the riser (heated section) is defined as 
h riser =  
Q′′
∆T
 (1)                                                                                                                                                                      
where Q′′ refers to the total heater input power per unit area AH transferred to the 
fluid (W/m2) and ΔT is the temperature difference between the graphite channel wall 
and fluid. Fig. 4.5a shows a comparison of HTCs for pure helium and pure nitrogen 
cases (for the same initial pressure of 207 kPa) calculated using Eq. 1. The HTC for 





carries in comparison to nitrogen (as seen in Fig. 4.3b) because of its larger thermal 
conductivity (Fig. 4.6).  
 
 
Figure 4.4 Mass flow rate comparison for pure helium and pure nitrogen for 
initial system pressure of 207 kPa as a function of GMT. 
 
Even though the mass flow rate is higher for nitrogen (~10 times) as seen in 






Figure 4.5 (a) HTC in the riser for pure helium and pure nitrogen, (b) HTC in 
the riser for different gas mixture concentrations for initial system pressure 






This is an interesting result as higher mass flow rates of nitrogen (or air in the actual 
air ingress accident scenario) can result in less heat removal and degraded heat 
transfer which can result in graphite oxidation and possible hot spots in the reactor 
core. Figure 4.5b shows the HTCs calculated for different gas mixture concentrations 
showing trends similar to Fig. 4.5a. 
 
Figure 4.6 Helium and Nitrogen gas thermal conductivity properties at 1atm 
[44] 
 
4.3.3 Nusselt Number 
In this section, we discuss the analysis of the Nusselt number in the riser. The 








where hriser is the heat transfer coefficient (HTC) over the riser (heated section), L is 
the height of the flow channel in the riser and k is the thermal conductivity of the fluid 








Figure 4.7 (a) Nu in the riser for pure helium and pure nitrogen, (b) Nu in the 
riser for different gas mixture concentrations for initial system pressure of 
207 kPa. 
 
It can be seen from Fig. 4.7a that the Nusselt numbers for nitrogen are found 
to be higher in comparison to helium at the same pressure of 207 kPa even though 
the HTC for helium is much higher in comparison to nitrogen over the riser (as seen 
in Fig. 4.4a). The primary reason for this is the much higher thermal conductivity of 
helium in comparison to nitrogen at all temperatures (Fig. 4.6). This causes a 





The average Nusselt numbers data have been obtained covering pure 
nitrogen, pure helium and gaseous mixtures for a total of 40 experimental runs in 
order to formulate a correlation which can be seen in Fig. 4.8a. Because the current 
experiments are performed under natural circulation or free convection conditions, 
the correlation is represented as:  
Nu = aPrbGrc (3) 





and Gr is the Grashof number given by: 
Gr =




Table 4.2 shows the coefficients of the correlation in Eq. 3: 






Hence, Eq. 3 with the coefficients added to it becomes: 
Nu = 0.123Pr0.88Gr0.27 (6) 
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The correlation and data agree to within ±20% as shown in Fig. 4.8a. Good agreement 
can be found between the experimental values and the correlation given by Ohk and 
Chung [46] (Fig. 4.8b) for free convection in a vertical pipe which is given by 






In Fig. 4.8b, Ohk and Chung’s correlation given by Eq. 7 is compared with the current 
















Figure 4.8 a) Comparison of predicted and measured average Nusselt numbers 
for Natural circulation experiments over the riser and b) Comparison with 
Ohk and Chung’s correlation. 
4.3.4 Effect of Nitrogen 
In this section, we look at the effect of nitrogen on heat transfer parameters to 
get a deeper understanding of how the nitrogen concentration can affect heat transfer 
under natural circulation conditions. Figure 4.9 shows the effect of nitrogen on the 
heat transfer coefficient and the Nusselt number in the riser with the initial pressure 
of the gaseous mixture kept constant at 207 kPa and the nitrogen concentration 








Figure 4.9 Effect of nitrogen concentrations on a) HTC riser and b) Nu riser at 400 





Table 4.3 shows a comparison of the average heat transfer coefficients and 
Nusselt numbers in the riser with respect to the nitrogen concentration in the gaseous 
mixture keeping the initial gas mixture pressure the same for 400 oC GMT. It can be 
observed from Table 4.3 that as the concentration of nitrogen is increased, the Nusselt 
number increases significantly and is ~1.5 times greater for a nitrogen concentration 
of 50% in the gas mixture and almost 3.7 times greater for pure nitrogen while the 
heat transfer coefficient decreases by 30 % when the nitrogen concentration 
increases from 0 to 100 % in the gas mixture. 
 
Table 4.3 Comparison of mass flow rates with respect to N2 concentration in 























207 kPa He - 0 
kPa N2 
100 0 2.78 29.60 1.00 1.00 
155 kPa He - 
52 kPa N2 
75 25 2.61 36.11 0.94 1.22 
103.5 kPa He - 
103.5 kPa N2 
50 50 2.40 43.20 0.86 1.46 
83 kPa He - 
124 kPa N2 
40 60 2.29 52.60 0.82 1.77 
52 kPa He - 
155 kPa N2 
25 75 2.22 89.66 0.79 3.03 
0 kPa He - 207 
kPa N2 




As mentioned earlier, this is due to the thermal conductivity of the gas 
decreasing at a much faster rate in comparison to the decrement in the heat transfer 
coefficient as the concentration of nitrogen increases. The decrement in the heat 
transfer coefficient is found to be linear and the increment in the Nusselt number is 
almost quadratic as can be seen from Fig. 4.9.  
 
4.4 Conclusions 
Natural circulation experiments have been carried out in order to 
quantitatively analyze the heat transfer rates during the natural circulation of a 
helium-nitrogen mixture in a high temperature gas flow loop. The flow loop was 
initially filled with helium and nitrogen was slowly introduced into the lower plenum, 
prior to heating of the riser until steady temperatures were reached. Then a valve 
between the riser and downcomer was opened to initiate natural circulation. The heat 
transfer rates under steady state were determined for gaseous mixtures of different 
concentrations of helium and nitrogen and for pure helium and pure nitrogen as well, 
in order to better understand the effect of nitrogen in the gaseous mixture on the 
natural circulation heat transfer.   
The total heater power applied for helium to reach a given graphite midpoint 
temperature (GMT) was much higher in comparison to nitrogen showing the effect 
nitrogen has on the heat transfer properties of the gaseous mixture. The effect of 
nitrogen concentration on the overall heat transfer coefficient as well as the heat 
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transfer coefficient in the riser was studied in detail. The HTC for helium is much 
higher in comparison to nitrogen owing to the higher thermal conductivity of helium. 
Even though the mass flow rate is higher for nitrogen (~10 times), the heat transfer 
rate is much higher for helium. This is an interesting result as higher mass flow rates 
of nitrogen (or air in the actual air ingress accident scenario) can result in less heat 
removal and degraded heat transfer which can result in hot spots in the reactor core 
and possible oxidation as well. 
 The effect of nitrogen concentration on dimensionless number like Nusselt 
number was studied as well. The Nusselt numbers for nitrogen are found to be higher 
in comparison to helium even though the HTC for helium is much higher in 
comparison to nitrogen over the riser. The primary reason for this is the high thermal 
conductivity of helium in comparison to nitrogen, which results in lower values of Nu 
for helium. The average Nusselt numbers for all the experiments were used to 
formulate a correlation as well which was also compared with an existing correlation 
from literature. These results were used to study the effect of nitrogen on the heat 
transfer rates. With an increase in nitrogen concentration in the gaseous mixture, 
there is a decrement in the heat transfer coefficient and hence a deterioration in the 
heat transfer rates which is not advisable in a natural circulation loop. The present 
data on the quantification of the natural circulation heat transfer rates of helium-
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4.6 Nomenclature 
AH                      heat transfer area in the riser flow channel, m2 
Cp                      specific heat capacity, J/(kg·K) 
d                         riser channel diameter, m 
hriser                     riser heat transfer coefficient, W/(m2·K) 
g                         gravitational acceleration, m/s2 
Gr                       Grashof Number 
k                         thermal conductivity, W/(m·K) 
L                         height of the flow channel in the riser, m 
ṁ                mass flow rate, kg/s 
Nuriser                 riser Nusselt number 
Pr                       Prandtl Number 
Q’’                               Average heat flux to the fluid in the riser, W/m2 
Tb                      bulk temperature, K 




∆T                  difference in temperature between the solid surface and surrounding 
fluid area, K 
µ                      dynamic Viscosity, Pa.s 
ρ                      density, kg/m3 
Subscripts 
He                   Helium  
He + N2           Helium and Nitrogen Mixture 
riser                 riser in the natural circulation flow loop 
Abbreviations 
CV                  Cold Vessel 
GMT              Graphite Midpoint Temperature 
HTC               Heat transfer coefficient 
HTGR             High Temperature Gas Reactor 
HV                  Hot Vessel 
NCL                Natural Circulation Loops 
PV                  Pressure Vessel 
TD1-TD3       Thermocouples attached to the downcomer pipe 
T1-T10           Thermocouples attached to the riser flow channel 
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5 Flow Relaminarization 
5.1 Introduction 
  For steady flow within a constant area duct, there exists a critical Reynolds 
number of 2,100 -2,300 below which the flow is expected to remain laminar. Above 
the critical Reynolds number, disturbances are expected to propagate, and some 
degree of turbulence or oscillation will exist for all but very smooth tubes under 
disturbance free conditions [1]. If the tube is heated, for most gases the viscosity will 
increase while the density decreases. This process is called flow 'laminarization'. 
Sreenivasan [2] explained three phenomena which are involved in relaminarization 
and the criteria governing them. The first is the destruction and absorption of the 
turbulent kinetic energy by an external force such as buoyancy. The second is the 
dissipation of the turbulent shear stresses through molecular viscosity, which means 
that the local Reynolds number governs this phenomenon. The third criterion is that 
strong acceleration acts as a stabilizing factor.  
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Perkins [3] obtained axial and radial distributions of mean temperature for 
steady, low Rei (=3800-8500), low Mach number (<0.017), turbulent and 
laminarizing flows with strong heating. He categorized a flow as laminarizing when 
at large x/D the measured Nusselt number, Nu, was within 10% of the laminar 
variable property correlation given by [4]. Tanaka et al. [5] studied fully developed, 
low-Reynolds number, turbulent air flow between two converging plates (5000 < Re 
< 14,000). The flow was subjected to slight heating [(Tw - Tm) = 9 0F] and was 
accelerated (K = 1.4 x 10-6 to 2 x 10-5) where K is the acceleration parameter. The flow 
reverted to turbulent in a parallel plate section following the converging section. 
Their results indicated a decrease in the local Nusselt number which reached a 
minimum value downstream of the converging passage before it began to increase 
sharply due to reversion to turbulent flow. They concluded that laminarization in 
heated internal gas flow is brought about by essentially the same mechanism as that 
of the external turbulent boundary layer whose freestream is strongly accelerated. 
The acceleration in heating is caused by thermal expansion of the gas. 
Most of the experiments in the early years that involved gas heating with 
significant property variations were conducted with circular tubes of small diameters 
and under forced convection conditions. The tubes were too small for probes to 
measure useful velocity and temperature profiles, so the experiments could only 
provide integral parameters, such as local heat transfer coefficients and friction 
factors [6] [7] [8]. Measurements of local heat transfer coefficients and friction factors 
for transitional and laminarizing flows have been obtained with circular tubes [9] 
[10]. Local Nusselt numbers were measured for annuli as well [11] [12]. For dominant 
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forced convection in low Mach number pipe flow with significant gas property 
variations, the only published mean profiles of temperature and velocity to guide the 
development of predictive turbulence models were given by Perkins [3] and Shehata 
and McEligot [13]. This was a huge limitation. Thus, more detailed thermal features 




Although some turbulence models were found to give reasonable agreement 
with the experimental data, it is not certain that they could work well when extended 
to other conditions. With advances in computer technology, increasing attention is 
being given to direct numerical simulation (DNS) and large eddy simulation (LES) to 
predict more accurate results, particularly at low Reynolds numbers. Most DNS and 
LES studies have been for planar channel flows and the simulations for flows in 
circular and annular tubes are very sparse, especially with heat transfer [14].  
Successful simulations were performed using an axisymmetric impinging jet 
with outflow confined between two parallel discs [15]. This approach was further 
extended by including the energy equation to predict flows in circular tubes with 
three thermal boundary conditions: uniform heat flux, a cosine distribution and 
circumferential non-uniform wall temperature [16]. Eggels and Nieuwstadt 
simulated rotating pipe turbulent flow by LES [17]. LES of turbulent flow in a curved 
pipe was reported as well [18], and a dynamic sub-grid scale model was incorporated 
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as well to simulate fully developed turbulent rotating pipe flow [19]. No LES study for 
turbulent heat transfer in a circular tube has been reported; however, Kawamura et 
al.  and Satake and Kawamura performed LES calculations for turbulent heat transfer 
in an annulus [20] [21]. It should be noted that the passive scalar approach in which 
the effects of property variations were ignored was employed in the above 
simulations with heat transfer. Very few works where significant property variations 
were taken into account have been reported. LES studies for planar channel flow with 
significant property variations were reported [22] [23]. Satake et al. performed DNS 
for a turbulent gas flow with variable properties to grasp and understand the 
laminarization phenomena caused by strong heating [24]. 
With simulations being done using finite element and finite volume codes, 
some researchers have also started doing simulations with spectral element codes. 
The spectral element method (SEM) is a formulation of the finite element method 
(FEM) that uses high degree piecewise polynomials as basis functions. The spectral 
element method was introduced in a 1984 paper by A. T. Patera [25]. Some literature 
specific to a spectral element code called Nek5000 is presented here as our work uses 
it. Nek5000 can be used to perform both DNS and LES simulations. 
Recently, DNS simulations were performed using Nek5000 for Turbulent Pipe 
Flow at moderately high Reynolds numbers [26] [27]. However, these simulations did 
not involve any heat transfer. Very recently, Antoranz et al. performed DNS 
simulations for heat transfer in a pipe with non-homogeneous thermal boundary 
conditions [28]. Thus, there is still a scope for additional research in the field of 
118 
 
turbulent heat transfer involving flow laminarization and variable material 
properties.  
In the following section, we will first briefly discuss the forced convection 
experiments previously performed by our group [29] as it will also be the basis for 
simulations that have been performed to study heat driven flow relaminarization in 
a pipe. The experiments were performed in order to investigate the forced convection 
for high pressure/high temperature helium, nitrogen and air. 
 
5.3 Previous work done at CCNY [29] 
5.3.1 Experimental Setup 
A high pressure and high temperature test facility was constructed at City 
College of New York. This facility consists of a pressure vessel rated at 70 bar/923 K, 
and contains a 2.7m, 108mm outer diameter, graphite column with four 2.3 kW 
heaters symmetrically placed about a central coolant channel of 16.8 mm diameter as 
seen in Fig. 5.1. Detailed description of the experimental facility forced convection 




Figure 5.1: Schematic of the high pressure/high temperature gas flow loop 
[29] 
5.3.2 Experimental Results [29] 
This section presents the primary experimental results on forced convection 
experiments for air and nitrogen as the working fluid. These results will be used as a 




Figure 5.2: Laminarization effect on local Reynolds numbers for a) air and b) 
nitrogen [29] 
 
Figure 5.2 displays examples of air and nitrogen flows experiencing significant 
reductions in the local Reynolds number as the gas flows moves upwards through the 
graphite flow channel. The reductions range from 22 - 50 % depending on the initial 
Reynolds number at the inlet. Several factors play crucial roles in flow laminarization. 
With increase in the fluid temperature, the gas density decreases, and the velocity and 
gas viscosity increase at steady state. Flow laminarization is a viscosity dominated 
behavior since both fluid temperature and viscosity increase along the heated flow 
channel continuously. The variation of the local Nusselt number exhibits similar 




Figure 5.3: a) Local variation of Nusselt number in the flow channel: a) air and 
b) nitrogen [29] 
 
 
Figure 5.4: Axial variations of Thermophysical parameters for: a) air at 13.6 
bar, 670 SLPM, 473 K mid-plane graphite temperature and, b) N2 at 61 bar, 
200 SLPM and 853K mid-plane graphite temperature. [29] 
 
Figure 5.4 shows the axial variations of local thermophysical properties. The 
Nusselt number decreased as shown in Fig. 5.3 as a result of continuous increase in 
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the thermal conductivity of the gas combined with a continuously decreasing heat 
transfer coefficient.  
The simulation work presented in the next chapter uses the graphite coolant 
channel as the main computational domain. Hence, the simulations are performed for 
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6 Simulation Problem and Code - Nek5000 
6.1 Simulation Problem 
This section will discuss the simulation problem worked on using the spectral 
element code called Nek5000. As mentioned in the previous chapter, the chief 
objective of the simulations is to better understand the heat-driven flow 
relaminarization phenomena in the graphite flow test section for the experiments. 
Hence, for these turbulent flow simulations, we select a 3D pipe of similar dimensions 
and eventually apply experimental boundary conditions to study the heat-driven flow 
relaminarization phenomena at a more fundamental level. The simulation work 
incorporates a two-step process. Because we are simulating turbulent flow, it is first 
imperative to make sure that we have turbulence sustained throughout the pipe setup 
under isothermal conditions. Once that is achieved, we move on to the next part of 
the simulations that incorporates the experimental conditions where the fluid 
properties change with temperature. Table 6.1 shows the experimental conditions 
that will be applied to the simulation setup. 
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Table 6.1 Experimental Parameters incorporated in Simulations 
PARAMETER VALUE 
Aspect Ratio (L/D) ~170 
Max Inlet Re 5190 
 
Hence, we can define our main objectives for the simulations as follows:  
1. Sustain turbulence throughout in a 3D pipe of aspect ratio (L/D =170) under 
isothermal conditions. This value of aspect ratio comes from the experimental 
setup where the length and the diameter of the graphite channel are 2.7 m and 
0.016 m respectively, thus giving an aspect ratio (L./D) of ~170.   
2. Once turbulence is found to be sustained, we apply the experimental boundary 
conditions where the fluid properties are varying with temperature (Variable 
Material Property Simulations). 
The next section gives a brief introduction to the code used for the simulations 
- Nek5000 while the following chapter will discuss the simulation results in order to 
complete the above-mentioned objectives. 
 
6.2 Nek5000 
 Nek5000 is an open source, high-order, massively parallel, spectral element 
CFD code that brings together the essential characteristics of speed and accuracy 
needed for solving the Navier-Stokes equations. Aside from the source code, Nek5000 
uses three additional files in order to set up a problem, SIZE file, .rea file, and the .usr 
file. The files, .usr and SIZE are compiled with the standard Nek5000 library using 
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makenek which creates the executable file Nek5000, so they can be considered to be 
the surface and the core of the entire program. The .rea file contains case-specific 
information read during the initialization of the compiled program. More information 
of these files is given in detail in the appendix. 
 
6.2.1 Nek Parlance 
In NEK parlance, the material properties are specified in the .rea file as: 
Table 6.2 NEK Parlance 
DIMENSIONAL NON-DIMENSIONAL 
p1 = ρ p1 = 1 
p2 = µ p2 = 1/Re (or -Re) 
p7 = ρCp p7 = 1 
p8 = k p8 = 1/Pe (or -Pe) 
 









6.2.1.1 Boundary Conditions 
• Fluid Boundary Conditions 
               A few key boundary conditions that are incorporated are listed below. 




V Velocity specified in .usr 
V Velocity specified in .rea 
P Periodic u(x)=u(x+L) 
W Wall u = 0 
O Outflow 𝜕𝑛𝑢 = 0 ; p = 0 
 
• Thermal Boundary Conditions 
               A few key thermal boundary conditions are listed below. 




t temperature specified in .usr 
T temperature specified in .rea 
I Insulated 𝜕𝑛𝑇 = 0 




6.2.2 Governing Equations 
• Incompressible Navier Stokes equations 




+ 𝑢 · ∇u) = −∇p + ∇ ⋅ 𝜏 + ρf              (𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚) (1) 
where 𝜏 = 𝜇[∇𝑢 + ∇𝑢𝑇]. 
∇ ⋅ 𝑢 = 0       (𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑖𝑡𝑦) (2) 
If the fluid viscosity is constant in the entire domain, the viscous stress tensor can be 
contracted ∇ ⋅ 𝜏 = 𝜇∇𝑢, therefore, one may solve the Navier–Stokes equations in 
either the stress formulation, or no stress. 
• Non-dimensional Navier Stokes equations 






















+ 𝑢∗ · ∇𝑢∗) = −∇p∗ +
1
Re
∇ ⋅ τ∗ + f ∗ (4) 
where 𝜏∗ = [∇𝑢∗ + ∇𝑢∗𝑇] and f ∗ is the dimensionless user defined forcing function, 




• Energy Equation 








• Non-dimensional energy/passive scalar equation 


















+ 𝑢∗ · ∇𝑇∗) =
1
Pe








• Low-Mach Navier Stokes 
The compressible Navier-Stokes equations differ mathematically from the 
incompressible ones mainly in the divergence constraint ∇ ⋅ 𝑢 ≠ 0. In this case the 
system of equations is not closed and an additional equation of state (EOS) is required 
to connect the state variables, e.g. ρ = f(p,T). Nek5000 includes the ability to solve the 
low-Mach approximation of the compressible Navier-Stokes, ρ ≈ f(T). The low-Mach 
approximation decouples the pressure from the velocity leading to a system of 
equations which can be solved numerically in a similar fashion as the incompressible 
Navier-Stokes equations. 




+ 𝑢 · ∇u) = −∇p + ∇ ⋅ 𝜏 + ρf              (8) 












+ 𝑢 ⋅ ∇𝑇) = ∇ ⋅ (𝑘∇𝑇) + 𝑞𝑣𝑜𝑙 (10) 
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where 𝜏 = 𝜇[∇𝑢 + ∇𝑢𝑇 −
2
3
∇ ⋅ uI].  
This allows for both variable density and variable viscosity. The equation system is 
solved by substituting ρ ≈ f(T) into the continuity equation and obtaining a so-called 
thermal divergence. 
6.2.3 Basics of the Solver 
Nek5000 supports two distinct approaches: 
• Option 1 (PN-PN-2): 
➢ Discretize in space using compatible approximation spaces. 
➢ Solve a coupled system for pressure/velocity. 
• Option 2 (PN-PN, or splitting): 
➢ Discretize in time first. 
➢ Take continuous divergence of momentum equations to arrive at a Poisson 
equation for pressure, with special boundary conditions. 
The complete details of these two approaches are given in the appendix. 
 
 
 The following chapters present the simulations performed using Nek5000 











7 Simulation Work 
7.1 Sustaining Turbulence in a Very Long Pipe 
This section discusses the first part of the simulation work done in order to 
sustain turbulence in a long pipe. As mentioned earlier, the aspect ratio (L/D) of the 
pipe required to match the CCNY experiments is ~170. This work incorporates 3D 
simulations in a very long pipe wherein turbulence is sustained throughout for the 
largest aspect ratio (L/D ratio) known in literature (~235). 
 
7.1.1 Governing Equations and Numerical Method 
We consider the incompressible flow of a viscous Newtonian fluid in a smooth 
circular pipe where the governing equations are the Navier–Stokes equations given 
by: 
∇ ⋅ 𝑢 = 0     (1) 
∂u
∂t




The DNS code used to numerically solve Eqs. 1 and 2 is Nek5000; developed by 
Fischer et al. [1]. In Nek5000, the incompressible Navier–Stokes equations are solved 
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using a Legendre polynomial-based SEM. These equations are cast into weak form 
and discretised in space by the Galerkin approximation. The basis chosen for the 
velocity space are typical Nth-order Lagrange polynomial interpolants on Gauss–
Lobatto–Legendre (GLL) points whereas for the pressure space, on the other hand, 
Lagrangian interpolants of order N − 2 are used on Gauss–Legendre quadrature 
points. This is what is known as the PN – PN-2. SEM and was formulated by Maday and 
Patera [2]. The time-stepping in Nek5000 is semi-implicit in which the viscous terms 
of the Navier–Stokes equations are treated implicitly using third-order backward 
differentiation (BDF3), whereas the non-linear terms are treated by a third order 
extrapolation (EXT3) scheme. This leads to the following system for the basis 
coefficient vectors to be solved at every time step 
𝐻𝑢𝑛+1 = 𝐷𝑇𝑝𝑛+1 + 𝐵𝑓𝑛+1, 𝐷𝑢𝑛+1 = 0 (3) 
Here, 𝐷 is the discrete divergence operator, while 𝐻 = 𝑅𝑒−1𝐴 +
𝛽0
Δt
B is the discrete 
equivalent of the Helmholtz operator, −𝑅𝑒−1∇2 +
𝛽0
Δt
 , with discrete Laplacian A and 
mass matrix B associated with the velocity mesh. 𝛽0 =
11
3
 is the coefficient associated 
with BDF3 and 𝑓𝑛+1 accounts for the remaining BDF3 terms as well as the 
extrapolated nonlinear terms and the body force, which is determined implicitly to 







7.1.2 Procedure for Sustaining Turbulence 
The chief objective of this simulation was to sustain turbulence in a long pipe 
with an aspect ratio (L/D ~ 170) and Re = 5,190 in accordance with the experimental 
conditions. 
1. The simulations were tested for Re = 10,000 for a short pipe with L/D = 13 for 
only flow. The temperature is added to the system in the next part of the 





Figure 7.1 Re = 10,000, L/D = 13 
Initial and Boundary Conditions for L/D = 13 
We apply an initial flow condition in the z direction as can be seen from the 
snippet of the code in Fig. 7.2a. The boundary conditions are defined in Fig. 
7.2b which are addressed properly in Table 7.1. 
Table 7.1 Boundary conditions for L/D =13 
BOUNDARY CONDITION NAME CONDITION 
P Periodic u(x) = u(x+L) 
W Wall u = 0 
 








Figure 7.2 a) Snippet from code showing Initial conditions, b) Boundary 




2. This was used as a restart condition for Re = 5190 and L/D = 13 with periodic 
boundary conditions with recycling similar to those shown in Table 7.1. The 










Figure 7.3 a) Re = 5,190, L/D = 13.  
 
 
3. Replication was done for three times the axial length, L/D = 39 with periodic 
boundary conditions similar to those shown in Table 7.1 and turbulence was 
found to be sustained. By replication, we mean that the output file for L/D = 
13 is replicated three times too to match the axial length and used as a restart 
condition for L/D = 39 and run to steady state. The number of elements in this 




Re = 10,000 
13 D 









Figure 7.4 Re = 5,190, L/D = 39 
4. Replication was done again for 6 times axial length, L/D = 234 with recycling 
periodicity till L/D= 39 as this part acts as the turbulence inflow generator and 
the remaining aspect ratio which is 195 acts as the main computation domain 
which includes our required experimental aspect ratio of 170. In this case we 
have an outlet boundary condition as this is the main setup in accordance with 
the experiments. Table 7.2 gives the boundary conditions for this setup. The 
number of elements in this case was 1,49,760. Table 7.3 gives the important 
details of this procedure. 




V Velocity specified in .usr 
W wall u = 0 
O outflow 𝜕𝑛𝑢 = 0 ; p = 0 
 




Table 7.3 Details of Sustaining Turbulence Procedure 
Section Aspect Ratio (L/D) Number of Elements 
- 13 8,320 
Inflow generator 39 24,960 
Inflow generator + Main 
Computational Domain 
39 + 195 = 234 149,760 
 
 
Figure 7.5 Re = 5,190, L/D = 234, inflow generator (L/D = 39) and Main 








The hardware utilized for the present computations is mainly MIRA, which is 
an IBM Blue Gene/Q system located at the Argonne National Lab (ANL). It consists of 
49,152 nodes and incorporates 16-core 1.6 GHz IBM PowerPC A2 processor per node 
with a peak performance of 10 petaflops per core. Small scale simulations were also 
run on clusters in ANL like Theta, Cetus (IBM BG/Q with 16 cores/node), and 
postprocessing was done using VISIT in Cooley (IBM BG/Q). Figure 7.6 shows cross-
sectional and the axial views of the spectral element mesh used in the current 
turbulent pipe flow simulation for Re = 5190. Inside each element the nodes are 
distributed using Gauss–Lobatto–Legendre (GLL) points. With the polynomial order 









Figure 7.6 Mesh a) cross sectional view and b) axial view. 
Figure 7.7 shows the axial and radial profiles of instantaneous velocities that were 
used in the turbulence sustaining procedure. The turbulent behavior of the 

















Figure 7.7 Axial velocity profiles for a) z/d =13, b) z/d =39, c) z/d =234 and 
Radial velocity profiles for d) z/d =13, e) z/d =39, f) z/d =234. 
7.1.3.1 Law of the wall 
 
The profiles of the mean axial velocity component from the present pipe flow 
simulations are shown in Fig. 7.8 together with the linear and logarithmic parts of the 
law of the wall. In the viscous sublayer for y+ < 5, the profiles naturally adhere to U+z 
= y+ where y+ is the wall coordinate: the distance y to the wall and U+z is the 
dimensionless axial velocity. 
Near the wall, there is a good match of the predicted profiles with Lam and 
Banerjee [2] who performed simulations for a channel. It is so because very close to 
the wall, the simulation treats the channel and pipe in the same way. At larger 
distances from the wall, for y+> 30, it is observed that the U+z deviates from the log-
law. Such behavior has also been reported by several previous works on pipe flow, 
for example by Eggels et al. [3]. As the Reynolds number increases to much higher 




standard values of κ = 0.41 and B = 5.2 for the log-law equation given in Eq. 4, although 
other values have been suggested for pipe flows.  
𝑈𝑧



















Log law region 
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7.1.3.2 Energy Spectra 
 
Direct numerical simulation (DNS) involves no turbulence modelling and 
directly solves the equations of fluid motion capturing all eddies in the flow field 
ranging from the characteristic length scale (L) right down to the Kolmogorov length 
scale (𝜂) related to the smallest eddies. The Kolmogorov scales represent the smallest 


















for length, time and velocity, respectively. Here, 𝜖 denotes the turbulent kinetic 
energy dissipation and  is the kinematic viscosity. By considering an inviscid 
estimate for the dissipation rate; i.e. 𝜖 ∼
𝑈3
𝐿
 and the Reynolds number, the following 






It is apparent from the above relation that the separation in scales increases 
dramatically with the increase in the Reynolds number. 
Typical energy spectra in axial direction for the current simulations are 
reported in Fig. 7.9. This confirms that with the resolution used, the relevant scales of 







Figure 7.9 Energy Spectra in streamwise direction. 
7.1.3.3 Turbulent Quantities 
 
The root mean square (rms) velocity fluctuations are presented in Fig. 7.10 (a-
c) and the Reynolds shear stress < 𝑢𝑧𝑢𝑟 >
+ is presented in Fig. 7.10d. These plots 
show similar values in comparison to pipe flow simulations from literature [4,5]. In 
the next part of the simulations, we will study heat driven flow laminarization where 
the pipe is heated, and it results in suppression of all these turbulent quantities. Fig. 
7.10 provides the base for these turbulent quantities on how they will behave without 
heating. 











Figure 7.10 Turbulence intensities as a function of y+. a) Axial, 𝐔𝐳,𝐫𝐦𝐬
+  ; b) 
Radial, 𝐔𝐫,𝐫𝐦𝐬
+ ;  c) Azimuthal, 𝐔𝛉,𝐫𝐦𝐬
+ ; d) Reynolds shear stress, < 𝒖𝒛𝒖𝒓 >





7.2 Heat driven flow relaminarization in a long pipe 
This section discusses the second part of the simulation work where a gas flows 
through a heated pipe and turbulence is sustained in the entrance region but 
suppressed downstream leading to flow laminarization. Several factors play crucial 
roles in flow laminarization. With an increase in the fluid temperature, the gas density 
decreases, and the velocity and gas viscosity increase at steady state. Flow 
laminarization is a viscosity dominated behavior since both fluid temperature and 
viscosity increase continuously. It also leads to deterioration in heat transfer even 
though the local Reynolds number is well above the critical Reynolds number, and 
variations in the thermophysical properties. This work will use the same simulation 
setup employed in the last section. The only addition is that we are solving for 
temperature as well incorporating a temperature boundary condition at the pipe 
wall.   
  
7.2.1 Governing Equations and Numerical Method 
In this analysis, the dependence of the gas properties on temperature, 
including the changes in gas density and viscosity, must be taken into account. Table 





Table 7.4 Variable properties as a function of temperature 
Parameter Functions Determined from 
Experiments 
Density T -1 
Viscosity T 0.7 
Heat Capacity T 0.1 
Thermal Conductivity T 0.8 
 
 
In addition to the momentum and continuity equations used in the previous section, 




+ 𝑢 ⋅ ∇𝑇) = ∇ ⋅ (𝑘∇𝑇) (9) 
Its solution is not quite straightforward as density is a function of temperature and 
the viscosity changes as well. In the case of compressible Navier-Stokes equations in 
this case the divergence constraint does not hold, ∇ ⋅ 𝑢 ≠ 0. Thus, an additional 
equation of state (EOS) is required to connect the state variables and close the system 
of equations. Nek5000 includes the ability to solve the low-Mach approximation of 
the compressible Navier-Stokes equations, ρ ≈ f(T). The low-Mach number 
approximation decouples the pressure from the velocity leading to a system of 
equations which can be solved numerically in a similar fashion as the incompressible 




+ 𝑢 · ∇u) = −∇p + ∇ ⋅ 𝜏 + ρf              (10) 














+ 𝑢 ⋅ ∇𝑇) = ∇ ⋅ (𝑘∇𝑇) + 𝑞𝑣𝑜𝑙 (12) 
where 𝜏 = 𝜇[∇𝑢 + ∇𝑢𝑇 −
2
3
∇ ⋅ uI].  
This allows for both variable density and variable viscosity. The system is solved by 
substituting ρ ≈ f(T) into the continuity equation and obtaining a so-called thermal 
divergence. 
Since we are applying the Low Mach approximation in this case, we 
incorporate the PN-PN solver. Complete details of this solver approach are given in the 
appendix. The flow boundary conditions remain the same as in the last section. For 
the thermal boundary condition, the temperature distribution along the pipe wall is 
specified which is determined from the experiments. The wall temperature 
distribution along the pipe is a function of the axial distance, and the wall temperature 
increases axially. 
7.2.2 Results 
7.2.2.1 Axial and radial profiles 
 
Figure 7.11 shows the axial velocity and temperature profiles at steady state. 
An important point to note from Fig. 7.11b is that the heating of the pipe starts at z/D 









Figure 7.11 a) Axial instantaneous velocity profile and b) Axial instantaneous 







Figure 7.12 shows the radial profiles of the axial velocity at different axial 
locations at steady state. It can clearly be seen that as the gas flows downstream, the 
gas is heated from the wall and the velocity profile tends to become parabolic 
indicating flow laminarization. Figure 7.13 shows the cross-sectional views of the 
axial velocity at different axial locations corresponding to the results shown in Fig. 
7.12.  
Figure 7.12 Radial profiles of axial velocity at different axial locations: a) 






Figure 7.13 Cross sectional view of axial velocity at different axial locations: a) 






It can clearly be seen that the mean velocity increases due the strong heating along 
the pipe. Several factors play crucial roles in flow laminarization. At steady state, as 
the fluid temperature increases, the gas viscosity (μ) and velocity increase (u), while 
the gas density (ρ) decreases. Since the mass flux (ρu) remains constant, flow 
laminarization is a viscosity dominated behavior. This can lead to deterioration in the 
heat transfer properties. 
7.2.2.2 Axial variations of bulk temperature 
Figure 7.14 shows a comparison of the bulk temperatures obtained from the 
simulations and the experimentally measured values. As can be seen, there is a good 
match between the simulations and the experimental data.  
 
Figure 7.14 Comparison between experimental and simulation axial bulk 
temperatures of helium (Inlet Re = 5,190). 
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7.2.2.3 Axial variations of local Reynolds number, heat transfer coefficient and 
Nusselt number 
Figure 7.15a displays the fluid experiencing significant reductions in the local 
Reynolds number as the gas flows through axially. The local Reynolds number is 








Figure 7.15 Axial variations of local a) Reynolds number, b) Heat transfer 





Figure 7.15b displays the local heat transfer coefficient values as the gas flows 
through axially. There is a drastic reduction in the HTC in the upper section of the 
pipe although the local Re > 2300. This is a clear indication of deteriorated turbulent 
heat transfer (DTHT) which is a consequence of heat-driven flow laminarization. This 
is supported by the local Nusselt number values plotted in Fig. 7.15c. There is a 
significant reduction in the Nusselt number as the gas gets heated and moves 
downstream. 
7.2.2.4 Effect on Reynolds stresses 
The appearance of laminarization in the mean velocity profile is supported by 
the reduction in the Reynolds stress shown in Fig. 7.16. The predicted distributions 
of Reynolds shear stress can be considered to be a measure of the turbulent 
contribution to momentum transport. 
 
Figure 7.16 Reynolds shear stress profiles at z/D = 100, 150 and 200 
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The solid line shows the DNS prediction without heating and the other lines give the 
results in the heated region. All the results for the heated region showed a reduction 
to negligible levels at 
𝑧
𝐷
≈ 200; as far as momentum transfer is concerned, it is 




Three-dimensional simulations have been performed using a spectral element 
code, Nek5000. These simulations were performed in a two-step process with the 
eventual objective of studying heat driven flow relaminarization. During the first step, 
turbulence was sustained in a very long pipe with the largest aspect ratio reported in 
literature. The turbulence was sustained with the help of a replication procedure with 
recycling periodicity. 
Once the entire setup was created, we studied the energy spectra and the law 
of the wall to validate that turbulence is indeed being sustained in the pipe. The 
energy spectra showed that the resolution of the current simulations is sufficient to 
resolve the flow fields properly. From the law of the wall plot, there is a good match 
of the predicted profiles near the wall with that of Lam and Banerjee [2] who 
performed simulations for a channel. It is so because very close to the wall, the 
simulation treats the flat channel and the flat circular pipe in the same manner. At 
larger distances from the wall, y+> 30, U+z was observed to deviate from the log-law. 
Such behavior has also been reported by several previous simulations of pipe flow.  
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The root mean square (rms) velocity fluctuations and the Reynolds shear stress <
𝑢𝑧𝑢𝑟 >
+ were also presented for this pipe flow with no heating.  
In the second part of the simulations, strong heating was applied to the pipe 
with variable thermophysical properties. Because the gas density is a function of 
temperature, a low Mach number approximation available in Nek5000 was used. The 
results showed a clear proof of flow laminarization as evident from the radial profiles 
of axial velocity that tended to become parabolic (indicating laminarizing flows) 
towards the outlet of the heated pipe. The predicted bulk temperature profile also 
showed a good match with the experimentally determined bulk temperature profile 
indicating good validation of the simulations. The predicted Reynolds stress profiles 
showed that as the gas gets heated, there is definite suppression of turbulence which 
is seen in the form of decreasing Reynolds stresses owing to flow relaminarization 
which would lead to degraded heat transfer. 
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8 Conclusions  
In the first part of this thesis, natural circulation experiments were carried out 
to study the air ingress scenario in a VHTR by using helium and nitrogen in a gas flow 
loop with a graphite riser test section. The effects of various experimental parameters 
during the air-ingress scenario were studied to understand how the concentration of 
nitrogen in the gaseous mixture would affect the temperatures of the riser and 
downcomer. A theoretical diffusion model was used to quantify the diffusion time 
constants for the current experiments while the Onset of Natural Circulation (ONC) 
times were determined experimentally. A mass flow rate measurement system was 
designed and used to find that the mass flow rates for nitrogen were almost an order 
of magnitude greater than those for pure helium owing to the density of nitrogen 
being ~7 times greater than helium at the same pressure and temperature. Another 
interesting result was that the mass flow rates were found to initially increase and 
then eventually decrease with the increasing riser temperature (GMT). This decrease 
was attributed to the increasing importance of viscosity over density resulting in 
greater flow resistance. Natural circulation experiments were also analyzed from a 
heat transfer perspective. The effect on the heat transfer coefficients (HTCs) and 
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Nusselt numbers were studied. The Nusselt numbers for nitrogen were found to be 
higher in comparison to helium even though the HTCs for helium were much higher 
in comparison to nitrogen in the riser. The primary reason for this is the high thermal 
conductivity of helium in comparison to nitrogen, which results in lower values of Nu 
for helium. The average Nusselt numbers for all the experiments were used to 
formulate a correlation as well which was also compared with correlation from 
literature. The present data on the natural circulation mass flow and heat transfer 
rates of helium-nitrogen mixtures can be used for validation of a computational 
model and to obtain a deeper understanding of the air-ingress scenario. 
In the second part of this thesis work, three-dimensional Direct Numerical 
Simulations (DNS) have been performed using a spectral element code, Nek5000. 
These simulations were performed to complete the two-step process with the 
eventual objective of studying laminarization of heat driven turbulent gas flow. 
During this first step, turbulence was sustained in a very long pipe with the largest 
aspect ratio reported in literature with the help of a replication procedure with 
recycling periodicity. Once the entire setup was created, the energy spectra and the 
law of the wall were studied to validate that turbulence would indeed be sustained in 
the pipe. In the second part of the simulations, strong heating was applied to the pipe 
with variable thermophysical properties under low Mach number approximation. 
The results showed a clear proof of flow laminarization as seen from the radial 
profiles of axial velocity that tended to become parabolic (corresponding to a laminar 
flow) in the downstream section. The Reynolds stress also showed suppression of 
165 
 
turbulence due to strong heating from the pipe wall, thus showing a definite proof of 
flow laminarization. 
The current simulations could be performed for Re = 5190 for helium as the 
working fluid. However, future simulations can be performed for nitrogen and air as 
well for which the experimental results at much higher Reynolds numbers are 
available. The simulation results should be analyzed more in depth from a turbulence 
point of view. Hence, these simulations can provide a great base to study the heat 
driven flow laminarization phenomena for different gases and their thermophysical 













9.1 Uncertainty Analysis 
The uncertainty in the experimental results has been determined using the root sum 
square method. The uncertainty 𝛿𝑅 of a given result R, represented as a function of 
multiple independent variables as: R=R (x1, x2, x3…. xn), is given by: 










The uncertainty will then be expressed in the form: R ± δR. The measured variables 
are: temperature, pressure, pipe dimensions, and heater power. From these readings, 
gas properties were also calculated: density, viscosity, heat capacity and thermal 
conductivity, containing bias and precision errors. Systematic or bias errors are based 
on the manufacturer specified accuracy and the instrument calibration report. For the 
data acquisition instrument, the manufacturer-specified accuracy was used as the 
bias. The random uncertainty (precision) of the measurements is determined by 
determining mean values and standard deviations of a large sample [1]. The following 
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table summarizes the bias, precision and uncertainty error of the instruments used 
in our data collection. 
Table 9.1 Uncertainty in instruments used for data acquisition 
Instrument Range Bias Precision Uncertainty 











2.78 kPa 0.17 bar 
 
Power Meter 100-415 Vac, 
0-10 A ac 
0.2% 32.2912 W 33.34 W 
 
The equations and/or correlations used for estimating the thermodynamic and 
transport properties of helium presented in Table 9.2 were extracted from Petersen 
[2]. 
Table 9.2 Uncertainty of correlations used to evaluate helium gas properties: 
T in K, P in bar 
Property Correlation 











Viscosity 3.674 Χ 10−7 ⋅ 𝑇−0.7 









9.1.1 Uncertainty in estimation of density 
In the analysis of experimental data, helium density is measure making use of 
the equation in Table 2. For simplification purposes, uncertainty estimation 





Assuming negligible uncertainty in the R value, the relative uncertainty in the density 
































= 4.07 Χ 10−5 (4) 
9.1.2 Uncertainty in estimation of specific heat at constant pressure 
Helium is so close to an ideal gas that its specific heat capacity can be assumed 
constant over a wide temperature and pressure range [1]. Thus, its relative 
uncertainty is negligible. 









= 4.01 Χ 10−3 (5) 
9.1.4 Uncertainty in estimation of thermal conductivity 
For uncertainty estimation purposes, a simplified form of the thermal 
conductivity, independent of pressure will be used. 
𝑘 = 2.774 Χ 10−3𝑇0.701 (6) 











= 4.02 Χ 10−3 (7) 















































= 0.016𝑜𝐶 (10) 








+ (0)2 + (0.016)2 = 0.02 (11) 
9.1.6 Uncertainty in Reynolds Number 

























= 0.756% (13) 
𝜕𝑅𝑒
𝑅𝑒





9.1.7 Uncertainty in Heat transfer Coefficient 






































= √3.28 Χ 10−5 + 0.04322 = 0.0435 (16) 














+ (0.00756)2 + (0.00117)2 + (0.0435)2 = 0.08 (18) 
9.1.8 Uncertainty in Nusselt Number 






























9.2 Expected Mass Flow rates for Natural Circulation Tests: 
Analytical solution 
Mass flow results for natural circulation tests similar were presented in the 
Chapter 6. This section attempts to explain the physical parameters involved, which 
ultimately drive the behavior previously presented. Intuitively, a temperature 
difference between the hot riser and cold downcomer is essentially the driving force 
in a closed natural circulation loop. However, in view of the experimental evidences 
obtained, in which an increasing asymptotic-like mass flow behavior was observed 
with increasing graphite temperatures, a physical explanation derived from the 
fundamental Navier-Stokes equations was sought.  
            The flow field is determined by solving continuity and Navier-Stokes equations 
in cylindrical coordinates, where the coordinate axes are (r,𝜃, z) and corresponding 

































































































The following assumptions and simplifications (a-f) made for this analysis are now 














= 0 (𝑎) 
For an axisymmetric, one-dimensional flow, 
𝑢 = 𝑣 =
𝜕
𝜕𝜃
= 0 (𝑏) 
For a long tube with no end effects, assuming fully developed hydrodynamic 
conditions, axial changes in velocity vanish, 
𝜕𝑤
𝜕𝑧
= 0 (𝑐) 
Since the radial velocity component is zero, u (r, z) = 0, the r-momentum equation, Eq. 
22, simplifies to:  
𝜕𝑃
𝜕𝑟
= 0 (𝑑) 
Thus, P = P(z), To proceed, we assume that the system is under a hydrostatic pressure 






= −𝜌∞𝑔 (24) 
where 𝜌∞ is a reference density, generally defined as the density of the reservoir, 
evaluated at T∞, P∞ [5]. Before proceeding with the w-momentum equation, the 
equation of state for the density is used, 
𝜌 = 𝜌(𝑇, 𝑃) 
If the density is expanded in a Taylor series and a linear approximation is used, the 
density can be written as, 
𝜌 ≅ 𝜌∞(1 − 𝛽(𝑇 − 𝑇∞)) (25) 
where 𝛽 is the volumetric expansion coefficient and Eq. 25 is valid for  
𝛽(𝑇 − 𝑇∞) ≪ 1 (𝑒) 
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If the body force 𝐹𝑍 is expressed as, 
𝐹𝑍 =  −𝜌𝑔 (26) 
the w-momentum equation (Eq. 23) becomes,  















−𝜌∞(1 − 𝛽(𝑇 − 𝑇∞))𝑔 (27)
 
If the channel is narrow and long enough, the fluid temperature is nearly the same as 
the wall temperature; this assumption can be represented by the following inequality, 
𝑇𝑤 − 𝑇(𝑟, 𝑧) < 𝑇𝑤 − 𝑇∞ (𝑓) 
Neglecting the temperature difference on the left based on a condition (e), under a 
fully developed, parallel flow assumption, we obtain, 








) + 𝛽(𝑇 − 𝑇∞)𝑔 (28) 











(𝑇𝑤 − 𝑇∞) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (29) 




+ 𝐶1ln(𝑟) + 𝐶2 (30) 










The mass flow rate can now be found through integration, 
ṁ = 𝜌 ∫𝑤𝑑𝐴
𝐴















The final result for the mass flow rate is given by, 
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where 𝑉𝑚𝑎𝑥 =  
𝑔𝛽Δ𝑇𝑅2
 4𝜈
 is the centerline velocity, and Δ𝑇 was defined as 𝑇𝑤 − 𝑇∞. 
To evaluate the competing effects described by the previous equations, we will 
further simplify Eq. 33. Under an ideal gas assumption, the volumetric expansion 
coefficient, β, can be modeled as 1/T, which reduces to 1/Tw , if the channel is long 
and the gas temperature, T, approaches the wall temperature, Tw. Also, by expressing 











where a wall-to-bulk temperature ratio, 𝜏 = 𝑇𝑤/𝑇∞, is introduced.  
In this form, the competing effects of density and viscosity are clear. We can see why 
increasing the system pressure would have a larger impact on mass flow rate than 
the temperature as the density squared term appears in Eq. 34. The third term on the 
right in Eq. 33 would also contribute to the asymptotic behavior observed both 
experimentally and analytically. The analytical solution presented by Eq. 34 is plotted 
in Fig. 8.1 using helium properties and a channel radius of R = 0.0084 m used in the 
experiment. The continuous decrease in mass flow rate predicted after a maximum is 

















9.3 Calculation of Local Reynolds Numbers and Bulk Temperatures 
Having measured the mass flow rate through the system, it was possible to 
determine the local Reynolds number at any axial location, by calculating the local 
bulk temperature. Hence, the axial bulk temperature profile of the gas was 
determined by dividing the graphite test section in the riser into 11 segments or 
control volumes and carrying out an energy balance for each segment. These 





























Figure 9.2 a) Graphite test section divided into 11 segments/control volumes, 
b) Heat balance across each segment/control volume. 
The inlet and outlet bulk temperatures for each segment were then determined using 
Eq. 35, 
𝑇𝑖+1 =  𝑇𝑖 +  
∆𝑄
𝐶𝑝ṁ
(35)                                                                                                                              
where, Ti and Ti+1 denote the inlet and outlet bulk temperatures in each segment. ∆Q 
refers to the total heat transferred to the fluid given by, 











(Heat transferred to fluid)  
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where, Qin is the total heat generated in each segment by the electric heater rods and 
Qout is the total heat loss from the PV surface and via axial conduction.  
Once the local bulk temperatures are determined, these are used to determine 
the local dynamic viscosity µi which was done using the Sutherland’s law [3], which 
could be used to obtain the dynamic viscosity of an ideal gas as a function of the 
temperature. 















𝑇𝑟𝑒𝑓 is a reference temperature. 
𝜇𝑟𝑒𝑓 is the viscosity at the 𝑇𝑟𝑒𝑓 reference temperature 
S is the Sutherland temperature 
Once the local dynamic viscosities, µi are determined at the known local bulk 
temperatures, the local Reynolds numbers are determined using Eq. 38,  













9.4 Detailed description of core files in Nek5000  
 
9.4.1 SIZE File 
Most of the variables used to determine the memory usage are stated in SIZE. 
The size of the working arrays necessary to perform the calculations are mostly 
defined by the upper limits of elements, processors, scalars and of course the 
polynomial degree of the local Lagrange functions. The SIZE file can be considered as 
the necessary base of Nek5000. 
 
9.4.2 .rea File 
In .rea, all the problem specific parameters are given. While the content in SIZE 
is an absolute necessity to even compile the program, .rea contains variables that are 
not used until the initialization of the case. It gives us: 
• job control parameters (viscosity, DT, Nsteps, integrator,etc.) 
• geometry-element vertex and curvature information 
• boundary condition types 
• restart conditions 
 
9.4.3 .usr File 
This file contains a series of standard routines open for modification by the 
user. In addition, the user is free to specify new routines if needed. A list of those 
frequently used for this thesis are described below, 
• initial and boundary conditions (useric & userbc) 
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• variable properties (uservp) 
• forcing and volumetric heating (userf & userq) 
• geometry morphing (usrdat*) 




9.4.4 Detailed description of solver approaches in Nek5000  
• Discrete splitting - (PN-PN-2) [4] 
The fractional step method is a splitting method based on the idea that two analytical 
operators can be applied in sequence and still provide a good result. The method 
presented in this section makes no such assumption and splits the discrete system of 
equation instead of applying the operators in sequence. The algorithm presented here 
is similar to the Uzawa algorithm, but with some adjustments to make it more 




𝑀𝑢𝑛+1 − 𝐷𝑇𝑝𝑛+1 + 𝐴𝑢𝑛+1 = 𝑀𝑓𝑛+1, 𝐷𝑢𝑛+1 = 0 (39) 
 
 
Since this is a method for the unsteady N-S equation the time derivative has to be 
included, and the non-linear term which is treated explicitly is added as a part of the 
right-hand side function. So 𝑀𝑓𝑛+1 in this equation incorporates both the original 
forcing function, the non-linear term and the explicit part of the time-derivative from 
the BDFk-scheme. By defining the matrix 𝐻 =
1
Δ𝑡𝑀














The splitting that will be done in the next step will use the pressure difference 












Solving this exactly is known as the Uzawa algorithm and is computationally 
demanding and converge slowly. To overcome this issue simplifications and 
reformulations are made which saves a lot of computational time at the cost of 
accuracy. The system is rewritten using a LU-factorization of the matrix in Eq. 41, 
which will allow the solution to be found in two separate steps. This requires the 
inverse of H that will be replaced by an approximation 𝑄 ≈ H−1 .The matrix 
































The first step in Eq. 43 corresponds to an initial solution of the velocity using the old 
pressure value. The second step in Eq. 43 is the discrete Poisson equation for the 
pressure and will make sure that the pressure corresponds to a divergence-free flow. 
The first step in Eq. 44 is just a projection of the velocity field onto a divergence-free 
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space. The final step is of no real value and will instead be replaced by an update of 
the pressure 𝑝𝑛+1 = 𝛿𝑝𝑛+1 + 𝑝𝑛. 
 
• Fractional Step - (PN-PN) [4] 
The formulation applied in this method is based on the following formulation of the 
Stokes problem 
−𝜇Δ𝑢 + ∇𝑝 = 𝑓, 𝑢 = 0 
Δ𝑝 = ∇ ⋅ 𝑓, 𝜕𝑛𝑝 = (−∇ × ∇ × 𝑢 + 𝑓)
(45)
 
This formulation is obtained by taking the divergence of the momentum equation and 
applying the divergence-free condition to obtain the second equation in Eq. 45. The 
vector identity (−∇ × ∇ × 𝑢 + 𝑓) combined with the divergence-free condition yields 
the boundary condition for the pressure. Fractional step exploits this algebraic 
splitting and the algorithm can be divided into four separate steps. The momentum 




+ 𝐶(𝑢)𝑢 = −𝐴𝑢 + 𝐷𝑇𝑝 + 𝑀𝑓 (46) 
Where M, A, D, C(u) denotes the mass integral, Laplacian, gradient and non-linear 
operator. A schematic overview of the method is stated below, where the equations 
on the right-hand side are solved and the updated solution is stated on the left-hand 
side. By performing these steps, the solution (𝑢, 𝑝) is developed one-time step from 
(𝑢𝑛, 𝑝𝑛) to (𝑢𝑛+!, 𝑝𝑛+1). 














𝐷𝑢∗, 𝑢∗∗ = 𝑢∗ + Δ𝑡𝑀−1𝐷𝑇𝑝𝑛+1,
(𝑏0𝑀 + Δ𝑡𝐴)𝑢
𝑛+1 = 𝑀𝑢∗∗. 
(47) 
This method is convenient because it allows us to handle the different terms with 
different solution techniques. Hence the term including the non-linear skew 
symmetric advection matrix C(u) will be approximated by a kth order extrapolation 
(EXTk) scheme. The first step can also be evaluated in an Operator integrating factor 
scheme (OIFS) procedure to gain stability. This implies using the discretization with 
only the forcing function on the right-hand side and solving the initial value problem 
with RK4 to obtain 𝑢∗.  
The second equation is the Poisson equation for the pressure which assures a 
divergence free velocity field, and it is this step along with step three that allows this 
to be classified as a projection method. 
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